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SUMMARY
Metazoan organisms rely on conserved stress response pathways to alleviate adverse conditions and pre-
serve cellular integrity. Stress responses are particularly important in stem cells that provide lifetime support
for tissue formation and repair, but how these protective systems are integrated into developmental pro-
grams is poorly understood. Here we used myoblast differentiation to identify the E3 ligase CUL2FEM1B

and its substrate FNIP1 as core components of the reductive stress response. Reductive stress, as caused
by prolonged antioxidant signaling or mitochondrial inactivity, reverts the oxidation of invariant Cys residues
in FNIP1 and allows CUL2FEM1B to recognize its target. The ensuing proteasomal degradation of FNIP1 re-
stores mitochondrial activity to preserve redox homeostasis and stem cell integrity. The reductive stress
response is therefore built around a ubiquitin-dependent rheostat that tunes mitochondrial activity to redox
needs and implicates metabolic control in coordination of stress and developmental signaling.
INTRODUCTION

Metazoan development relies on carefully balanced transcrip-

tional networks to generate the more than 200 cell types of an

adult organism. Stem cells are at the apex of this intricate

program, and their defective homeostasis gives rise to many pe-

diatric diseases (Avior et al., 2016; Nusse and Clevers, 2017).

Because pluripotent cells also support tissue repair, their aber-

rant maintenance has been linked to tumorigenesis and tissue

degeneration (Almada and Wagers, 2016).

To protect their stem cell populations from damage, organ-

isms possess conserved stress response pathways that detect

and alleviate a wide range of adverse conditions. Many stem

cells reside in hypoxic niches and rely on glycolysis as a main

source of energy, which limits oxidative damage to DNA, lipids,

or proteins (Donato et al., 2017; Ezashi et al., 2005; Studer

et al., 2000). If too many reactive oxygen species (ROS) accumu-

late, these cells activate the oxidative stress response to stabi-

lize the transcription factor nuclear factor erythroid 2-related

factor 2 (NRF2). NRF2 drives expression of proteins that scav-

enge oxidizing molecules and revert oxidized proteins into their

functional reduced state (Suzuki and Yamamoto, 2017). Failure

to elicit antioxidant signaling impairs stem cell self-renewal and

differentiation and endangers tissue maintenance (Tsai et al.,
46 Cell 183, 46–61, October 1, 2020 ª 2020 Elsevier Inc.
2013; Yamamoto et al., 2018). Stem cell integrity is similarly pre-

served by stress responses that are activated by proteinmisfold-

ing, DNA damage, or lack of oxygen (Balchin et al., 2016; Ohh

et al., 2000; Vilchez et al., 2014).

Mirroring their rapid activation, stress responses have to be

shut off soon after cellular homeostasis has been restored.

Stem cells that do not turn off the oxidative stress response fail

to accumulate physiological ROS required for signaling and are

unable to differentiate (Bellezza et al., 2018; Gores et al., 1989;

Holmström and Finkel, 2014; Rodrı́guez-Colman et al., 2017;

Sena and Chandel, 2012; Xiao and Loscalzo, 2020). A persistent

lack of ROS, or reductive stress, also impedes insulin signaling

and glucose homeostasis (McClung et al., 2004); blunts positive

effects of exercise on insulin sensitivity (Ristow et al., 2009); trig-

gers cardiomyopathy, obesity, or diabetes (Dialynas et al., 2015;

McClung et al., 2004; Rajasekaran et al., 2007, 2011; Wu et al.,

2016); and increases mortality (Bjelakovic et al., 2007). Despite

such dire consequences, how reductive stress is sensed and

alleviated is still unknown.

Stress responses are often controlled by ubiquitylation, amodi-

fication whose specificity is imparted by hundreds of E3 ligases

(Balchin et al., 2016; Buckley et al., 2012; Oh et al., 2018; Rape,

2018; Yau and Rape, 2016). Kelch-like erythroid cell-derived pro-

tein with CNC homology-associated protein 1 (KEAP1) pairs up

mailto:mrape@berkeley.edu
https://doi.org/10.1016/j.cell.2020.08.034
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cell.2020.08.034&domain=pdf


ll
Article
with Cullin-3 (CUL3) and RBX1 to form the E3 CUL3KEAP1, which

sequesters and ubiquitylates NRF2 (Wakabayashi et al., 2003).

When cells experience oxidative stress, CUL3KEAP1 is inhibited,

and NRF2 accumulates in the nucleus to drive antioxidant gene

expression (Furukawa and Xiong, 2005; Itoh et al., 2003; Zhang

et al., 2004). The E3 CUL2VHL similarly restricts HIF-1a until hyp-

oxic stress stabilizes this transcription factor to initiate angiogen-

esis (Denko, 2008; Kaelin, 2007). Underscoring the importance of

accurate stress signaling, deletion ofVHL orKEAP1 elicits embry-

onic or early postnatal death, respectively (Gnarra et al., 1997;

Wakabayashi et al., 2003), and their mutation is a frequent cause

of cancer (Cancer Genome Atlas Research Network, 2012; Kae-

lin, 2007). Whether reductive stress is also controlled by a ubiqui-

tin-dependent stress response and whether this is important for

development has not been investigated.

Here wemade use of the redox-sensitive pathways underlying

myoblast differentiation to identify CUL2FEM1B and its target Fol-

liculin-interacting protein 1 (FNIP1) as core components of the

reductive stress response. Reductive stress as a consequence

of persistent mitochondrial inactivity or antioxidant signaling

reverses oxidation of invariant Cys residues in FNIP1, a

prerequisite for CUL2FEM1B to bind its substrate. The ensuing

ubiquitylation and proteasomal degradation of FNIP1 increase

mitochondrial output to generate ROS and preserve redox ho-

meostasis. The reductive stress response is therefore built

around a ubiquitin-dependent rheostat that tunes mitochondrial

output to cellular needs and couples stress and developmental

signaling in vertebrates.

RESULTS

Reductive Stress Inhibits Myoblast Differentiation
As a tissue reliant on oxygen consumption, muscle provides a

system to identify proteins with roles in redox stressmanagement

(AlmadaandWagers, 2016; Braun andGautel, 2011). This promp-

tedus toaskwhetherCullin-Ring-E3 ligases (CRLs), a familyofE3s

known to control stress and developmental signaling (Bellezza

et al., 2018; Donato et al., 2017; Lignitto et al., 2019; Ohh et al.,

2000;Wanget al., 1999;Werner et al., 2015), are required formyo-

genesis in vitro. We depleted each of seven Cullin scaffolds from

C2C12 myoblasts and followed myotube formation by staining

for myosin heavy chain (MyHC) (Bader et al., 1982). These exper-

iments showed that CUL2 and CUL3 were particularly important

for myotube formation (Figure S1A), which is consistent with the

effects of CUL3 deletion on muscle development in mice (Blon-

delle et al., 2017; Papizan et al., 2018).

CUL2 and CUL3 select their substrates through adaptors con-

taining VHL boxes or BTB domains (Silverman et al., 2012; Skaar

et al., 2013). Using affinity purification of CUL2 and CUL3 coupled

to mass spectrometry, we detected 19 CUL2 and 32 CUL3 adap-

tors inmyoblasts ormyotubes (Table S1). This included candidate

adaptors, such as the muscular dystrophy protein myoferlin, and

factors linked to familial myopathy, such as KLHL9. After

combining this list with adaptors from other cell types (Bennett

et al., 2010; Mahrour et al., 2008; Mena et al., 2018), we depleted

156 CRL2 and CRL3 subunits frommyoblasts, initiated differenti-

ation, and recordedMyHC-positive myotubes bymicroscopy and

automated image analysis (Figure 1A). Critical phenotypes were
confirmed with multiple small interfering RNAs (siRNAs) to elimi-

nate the risk of off-target effects.

Our screen revealed that the CUL3 adaptors KEAP1, BTBD9,

KLHL22, and ANKFY1 were required for myotube formation,

whereas depletion of the CUL2 adaptor fem-1 homolog B

(FEM1B) strongly improved this differentiation program (Figures

1A–1C). Because loss of these adaptors minimally affected cell

numbers (Figure S1B), aberrant cell division or survival was un-

likely to account for the changes in cell fate specification.

Notably, all adaptors required for myotube formation had links

to disease; mutations in KEAP1 lead to lung and renal cancer

(Kovac et al., 2015; Singh et al., 2006), BTBD9mutations trigger

restless leg syndrome and insomnia (Winkelmann et al., 2007),

KLHL22 overexpression causes breast cancer progression

(Chen et al., 2018), and mutations in ANKFY1 result in steroid-

resistant nephrotic syndrome (Hermle et al., 2018).

We were intrigued to see that depletion of the oxidative stress

sensor KEAP1 prevented myoblast differentiation. Although

oxidative stress transiently inhibits CUL3KEAP1 (Zhang et al.,

2004), genetic loss of KEAP1 stabilizes NRF2 for prolonged pe-

riods of time and elicits reductive stress (Rajasekaran et al.,

2011). KEAP1 depletion in myoblasts induced accumulation of

NRF2 (Figures 1C and 1D) and its target genes (Figures 2E and

2F). This caused an increase in NADPH levels (Figure S1C) and

a steep drop in ROS, the hallmark of reductive stress (Figure 1E).

When we blunted such antioxidant signaling by co-depleting

NRF2 or enzymes of glutathione synthesis and recycling, differ-

entiation was restored (Figures 1D and 1F; Figure S1D). Scaven-

gers of mitochondrion-derived ROS, which impose reductive

stress by chemical means (Banba et al., 2019; Brand et al.,

2016; Orr et al., 2015), also inhibited myoblast differentiation

(Figure 1G). We therefore conclude that, consistent with recent

findings using KEAP1 inhibitors (Rajasekaran et al., 2020), reduc-

tive stress impairs myogenesis in vitro. Although this lent support

to the notion that ROS fulfill critical signaling roles (Holmström

and Finkel, 2014; Sena and Chandel, 2012), it reinforced the

question of how reductive stress is sensed and counteracted

during normal development.

FEM1B Counteracts KEAP1
To dissect cellular responses to reductive stress, we designed a

genetic modifier screen aimed at rescuing differentiation of

KEAP1-deficient myoblasts. Focusing on E3 ligases as likely

stress regulators, we found that depletion of the CUL2 adaptor

FEM1B enabled myotube formation despite lack of KEAP1 (Fig-

ure 2A). We confirmed this result with independent siRNAs in mi-

croscopy and western blot analyses of myoblast differentiation

(Figures 2B and 2C). Loss of FEM1B also rescued differentiation

in the presence of scavengers of mitochondrion-derived ROS,

showing that FEM1B affects reductive stress imposed by ge-

netic or chemical means (Figure 2D). Intriguingly, FEM1B had

already emerged from our initial screen as hit whose depletion

showed the strongest increase in efficiency of myotube forma-

tion (Figure 1A), the opposite phenotype of loss of KEAP1.

Gene expression analyses showed that KEAP1 depletion

induced antioxidant NRF2 targets, such as enzymes of gluta-

thione synthesis, ROS scavengers, or components of the

pentose phosphate pathway (Figures 2E and 2F; Figures S2A
Cell 183, 46–61, October 1, 2020 47



Figure 1. Reductive Stress Inhibits Myotube Formation

(A) C2C12 myoblasts were depleted of each CUL2 and CUL3 substrate adaptor and induced to differentiate. Myotube formation was followed by immunoflu-

orescence analysis against myosin heavy chain (MyHC).

(B) C2C12 myoblasts were depleted of KEAP1 or FEM1B, and myotube formation was determined as above. Right: quantification of at least three biological

replicates with mean ± SD.

(C) C2C12 myoblasts were depleted of KEAP1 or FEM1B, and expression of myogenesis markers was determined by western blotting.

(D) C2C12 cells were depleted of KEAP1, NRF2, or both, and differentiation efficiency was monitored by western blotting against MYOG and MyHC.

(E) C2C12 myoblasts were depleted of KEAP1, FEM1B, or both, and cellular H2O2 was measured using a luciferase reporter.

(F) C2C12 myoblasts were depleted of KEAP1, NRF2, antioxidant targets of NRF2 (GSR and GCLC), or combinations thereof. The differentiation efficiency of

myotube formation was determined by staining for MyHC. Right: quantification of at least three experiments with mean ± SD.

(G) Myogenesis is impaired by mitochondrial complex I and III ROS scavengers. S1QEL1.1 and S3QEL 2 were added during C2C12 myoblast differentiation,

which was analyzed as above.

See also Figure S1 and Table S1.
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and S2B). Depletion of FEM1B had the opposite effect and

reduced NRF2 targets but increased the myogenic markers

MYOG and MYL1 (Figures 2E and 2F). Importantly, concomitant

depletion of KEAP1 and FEM1B cancelled each of these pheno-

types of single E3 ligase depletion (Figures 2E and 2F; Fig-

ure S2A). Consistent with these results, depletion of FEM1B

restored ROS levels in KEAP1-deficient myoblasts (Figure 1E).
48 Cell 183, 46–61, October 1, 2020
Although KEAP1 is best known for controlling NRF2 levels; it

also sequesters the transcription factor in the cytoplasm (Itoh

et al., 2003). Although FEM1B depletion reduced NRF2 mRNA

(Figure S2C), it had only a minor effect on the abundance of

the NRF2 protein (Figure 2C). In contrast, loss of FEM1B had

striking effects on NRF2 localization; although NRF2 accumu-

lated in the nucleus of KEAP1-deficient myoblasts, co-depletion



Figure 2. Depletion of FEM1B Enables Myoblast Differentiation Despite Reductive Stress

(A) C2C12 myoblasts were depleted in duplicate of KEAP1 and CUL2 adaptors, and differentiation was monitored by microscopy against MyHC. Top panel:

microscopy images from each condition. Bottom panel: quantification of differentiation efficiency compared with KEAP1-depleted control cells.

(legend continued on next page)
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of FEM1B directed NRF2 to perinuclear regions, where it cannot

induce gene expression (Figure 2G). Our results therefore identi-

fied FEM1B as a critical regulator of redox signaling and raised

the possibility that the E3 CUL2FEM1B might affect, directly or

indirectly, the reductive stress response.

CUL2FEM1B Targets FNIP1 for Proteasomal Degradation
Previous work denoted a Leu residue in the VHL box of CUL2

adaptors that engages a pocket on Elongin C to connect the

adaptor to the catalytic module also composed of CUL2, Elongin

B, and RBX1 (Bullock et al., 2006; Mahrour et al., 2008; Stebbins

et al., 1999). Mutation of the respective FEM1B residue, Leu597,

produced an adaptor that failed to bind CUL2 and, hence,

cannot support ubiquitylation (Figure S2D) but contained ankyrin

repeats and should thus retain its ability to recognize substrates.

As seen with other CRLs (Mena et al., 2018), we expected FEM1-

BL597A to show prolonged binding to otherwise short-lived tar-

gets to facilitate their identification by CompPASS mass spec-

trometry (Huttlin et al., 2017).

Proteomics analyses confirmed that FEM1BL597A was impaired

in binding to CUL2, Elongin B, and Elongin C (Figure 3A). In

contrast, FEM1BL597A interacted more strongly than FEM1B

with several proteins considered to be candidate substrates.

These included the GATOR1 complex, which inhibits mTORC1

signaling during amino acid limitation (Bar-Peled et al., 2013;

Dutchak et al., 2018), as well as Folliculin (FLCN) and FNIP1,

which also bind each other (Baba et al., 2006). A close FNIP1 ho-

molog, FNIP2, was not detected. We confirmed, by immunopre-

cipitation and western blotting, that FEM1B associated with

GATOR1, FLCN, and FNIP1 in a manner that was stabilized by

mutation of the VHL box in FEM1B (Figure 3B; Figure S2E). In

contrast, mutation of Cys186, an invariant residue in the sub-

strate-binding ankyrin repeats, strongly diminished recognition

of GATOR1, FLCN, and FNIP1 by FEM1B (Figure 3B).

FEM1B overexpression elicited CUL2- and proteasome-

dependent degradation of FNIP1, whereas substrate binding-

deficient FEM1BC186S, inactive FEM1BL597A, or the related

adaptor FEM1A did not have this effect (Figure 3C; Figures

S2E and S2F). Depletion of FEM1B caused the opposite

outcome and increased levels of endogenous FNIP1 (Figure 3D).

NEDD8-modified CUL2FEM1B also polyubiquitylated FNIP1

in vitro when incubated with the E2 enzymes UBE2D3 and

UBE2R1 (Figure 3E). In contrast, expression of FEM1B did not

induce degradation of FLCN, GATOR1 subunits, or FNIP2 (Fig-

ure 3B; Figures S2E–S2G), and CUL2FEM1B did not ubiquitylate

these proteins in vitro (Figure 3E; Figure S2H). We conclude

that FNIP1 is a proteolytic CUL2FEM1B substrate, whereas
(B) C2C12 cells were depleted of KEAP1, FEM1B, or both, and differentiation was

replicates with mean ± SD.

(C) C2C12 cells were depleted of KEAP1, FEM1B, or both, and differentiation wa

(D) C2C12 myoblasts depleted of FEM1B were treated throughout differentiation

biological replicates with mean ± SD.

(E) C2C12 myoblasts were depleted of KEAP1, FEM1B, or both. mRNA abundanc

clustering. Genes with transcription factor binding sites are marked in light blue

(F) qRT-PCR analysis of NRF2 target genes (red) ormyogenesismarkers (orange) i

technical replicates ± SD.

(G) NRF2 localization was determined by immunofluorescence in C2C12 myobla

See also Figure S2.
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FLCN or GATOR1 might interact with FEM1B indirectly or in a

role that is distinct from being a degradation target.

Although loss of FNIP1 had little effect on differentiation (Fig-

ure S2I), FNIP1, but not GATOR1, co-depletion reverted the ef-

fects of FEM1B loss on myotube formation (Figure 3F; Figures

S2I and S2J). Thus, accumulation of FNIP1 promoted differenti-

ation in the absence of FEM1B. Loss of FNIP1 also prevented

myogenesis in cells lacking both FEM1B and KEAP1 (Figure 3G)

and causedNRF2 to re-enter the nucleus (Figure 3H), which doc-

uments that it was FNIP1 stabilization that allowed myoblasts to

bypass reductive stress.

We conclude that FNIP1 is a critical target of CUL2FEM1B during

reductive stress. Previouswork implicated FNIP1 inmitochondrial

biogenesis (Hasumi et al., 2012; Reyes et al., 2015), removal of

damaged mitochondria (Heo et al., 2018), and regulation of the

AMPK and mTORC1 kinases (Baba et al., 2006; Bhargava and

Schnellmann, 2017; Hasumi et al., 2008; Tsun et al., 2013).

Although somaticFNIP1 variants havebeendetected in renal can-

cer (CancerGenomeAtlas ResearchNetwork, 2013),mutations in

its partner FLCN cause Birt-Hogg-Dubé syndrome (Nickerson

et al., 2002), a predisposition to renal cancer that also results

from aberrant mitochondrial activity or mutations in VHL,

KEAP1, or NFE2L2 (Kaelin, 2007; Kovac et al., 2015; Xu

et al., 2019).

FEM1B Detects a Conserved Cys Degron in FNIP1
To determine whether ROS modulates recognition of FNIP1 by

CUL2FEM1B, we first needed to identify the FNIP1 degron that

is bound by FEM1B. Through deletion analyses, we found a short

stretch in the central region of FNIP1 that was required for recog-

nition by CUL2FEM1B and its proteasomal degradation (Figures

4A and 4B). As expected for a transferable motif, a degron fusion

to GFP (GFPdegron) was readily detected by CUL2FEM1B (Figures

S3A and S3B). As with full-length FNIP1, GFPdegron showed

stronger binding to the substrate trap FEM1BL597A (Figure S3A),

but it did not interact with FEM1BC186S (Figure S3B). We next ex-

pressed GFPdegron along with mCherry and used the GFP/

mCherry ratio as a quantitative readout for protein degradation.

FEM1B, but not FEM1BL597A or FEM1BC186S, triggered dramatic

loss of GFPdegron (Figure 4C), whereas deletion of FEM1B by

CRISPR-Cas9, depletion of FEM1B by shRNAs, or proteasome

inhibition protected GFPdegron from degradation (Figure 4D; Fig-

ures S3C and S3D). The FNIP1 degron also mediated a robust

interaction with recombinant FEM1B as well as ubiquitylation

by CUL2FEM1B (Figures 4E and 4F). A central degron is therefore

required and sufficient for FNIP1 ubiquitylation and degradation

through CUL2FEM1B. Although this degron is conserved among
analyzed by microscopy against MyHC. Right: quantification of four biological

s analyzed by western blotting.

with the ROS scavengers S1QEL1.1 and S3QEL2. Right: quantification of three

e wasmeasured by RNA sequencing (RNA-seq) and analyzed by unsupervised

(HIF1a), green (MYOD/MYOG), or red (NRF2).

n C2C12myoblasts depleted of KEAP1, FEM1B, or both. Quantification of three

sts depleted of KEAP1, FEM1B, or both.



Figure 3. FNIP1 Is a Critical CUL2FEM1B Substrate during Reductive Stress

(A) FLAGFEM1B or FLAGFEM1BL597A was purified from C2C12 myoblasts, and binding partners were determined by mass spectrometry. Green, GATOR1; blue,

FLCN-FNIP1.

(B) FLAGFEM1B, FLAGFEM1BC186S, or FLAGFEM1BL597A was purified from 293T cells that expressed hemagglutinin (HA)-taggedGATOR1 or FNIP1-FLCN subunits.

Co-purifying proteins were detected by aHA-western blotting.

(C) 293T cells were transfected with FEM1B, FEM1BL597A, or FEM1A. The proteasome inhibitor MG132 was added, and endogenous FNIP1 levels were

determined by western blotting.

(D) Depletion of FEM1B in 293T cells results in accumulation of endogenous FNIP1, as determined by western blotting.

(E) Ubiquitylation of FNIP1-FLCN by Nedd8-modified CUL2FEM1B, E1, and UBE2D3 and/or UBE2R1 was analyzed by western blotting against FNIP1 (FLAG) and

FLCN (HA).

(F) C2C12 myoblasts were depleted of FEM1B, FNIP1, or both, and the efficiency of myotube formation was analyzed by microscopy against MyHC. Right:

quantification of at least three biological replicates with mean ± SD.

(G) C2C12myoblasts were depleted of KEAP1, FEM1B, FNIP1, or combinations thereof, and the efficiency of myotube formation was determined bymicroscopy

against MyHC. Right: quantification of three biological replicates with mean ± SD.

(H) Depletion of FNIP1 allows endogenous NRF2 to enter the nucleus of cells lacking KEAP1 and FEM1B, as determined by immunofluorescence microscopy.

Quantification of 15–20 cells/condition ± SD.

See also Figure S3.
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Figure 4. FEM1B Binds a Conserved Degron in FNIP1

(A) FNIP1 variants were tested for interaction with FLAGFEM1B by co-immunoprecipitation and for degradation by measuring their abundance in the presence or

absence of FEM1B.

(B) Wild-type FNIP1 or a variant lacking its degron (FNIP1D562–591) were co-expressed with FLCN and FLAGFEM1B or FLAGFEM1BL597A. FEM1B was affinity

purified, and bound FNIP1 and FLCN were detected by western blotting.

(C) The FNIP1 degron was fused to GFP (GFPdegron) and expressed with mCherry. Cells were transfected with FEM1B, FEM1BL597A, or FEM1BC186S. The ratio of

GFPdegron to mCherry fluorescence was determined by flow cytometry.

(D) The FEM1B locus was deleted in 293T cells using CRISPR-Cas9, and GFPdegron degradation was analyzed by flow cytometry.

(E) Binding of a TAMRA-labeled FNIP1 degron peptide to recombinant FEM1B (green) or FBXL17 (blue) was measured by fluorescence polarization with mean

± SD.

(F) Ubiquitylation of a TAMRA-labeled FNIP1 degron by Nedd8-modified CUL2FEM1B, E1, UBE2D3, and/or UBE2R1 was monitored by gel electrophoresis and

fluorescence detection.

See also Figure S4.
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FNIP1 homologs (Figure S3E), it is not found in the closely related

FNIP2, which is not recognized by CUL2FEM1B (Figure S3F).

Given the role of CUL2FEM1B in reductive stress signaling, we

were excited to see that the FNIP1 degron contained three

invariant Cys residues (Figure S3E). Cys585 was essential for

FEM1B-dependent degradation of GFPdegron (Figure 5A). Simul-
52 Cell 183, 46–61, October 1, 2020
taneous mutation of Cys580 and Cys582 strongly impaired

clearance of GFPdegron, and mutation of all Cys residues fully

protected the reporter against CUL2FEM1B-dependent degrada-

tion (Figure 5A). Mutating its Cys residues blocked binding of the

degron to recombinant FEM1B (Figure 5B) and prevented its

ubiquitylation by CUL2FEM1B (Figure 5C). The reliance on Cys



Figure 5. The FNIP1 Degron Requires Cys Residues
(A) GFPdegron fusions were expressed with mCherry and FEM1B (dashed lines) or not (solid lines), and the GFP/mCherry ratio was determined by flow cytometry.

(B) Binding of TAMRA-labeled wild-type, Cys-free, or Lys-free degrons to recombinant FEM1B was monitored by fluorescence polarization with mean ± SD.

(C) Ubiquitylation of TAMRA-labeled FNIP1 degrons by Nedd8-modified CUL2FEM1B, E1, and UBE2D3/UBE1R1 was followed by gel electrophoresis and fluo-

rescence imaging.

(D) Levels of HAFNIP1 variants in cells expressing FLAGFEM1B or FLAGFEM1BL597A were monitored by western blotting. E3 binding was determined by FEM1B

affinity purification and aHAFNIP1 western blotting.

(E) The TAMRA-labeled FNIP1 degron was incubated in buffer or NEM. The reactions were quenched, and FEM1B binding was monitored by fluorescence

polarization with mean ± SD.

(F) The TAMRA-labeled FNIP1 degron was incubated in buffer, NEM, or iodoacetamide. Following quenching, ubiquitylation by Nedd8-modified CUL2FEM1B, E1,

and UBE2D3/UBE2R1 was followed by gel electrophoresis and fluorescence imaging or Coomassie staining.

(G) The Cys-reactive, cell-permeable IA-Alkyne stabilizes GFPdegron in cells, as seen by flow cytometry.

See also Figure S5.
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residues was even more pronounced in full-length FNIP1, where

each of the three Cys as well as a neighboring His residue were

required for FEM1B binding and proteasomal degradation (Fig-

ure 5D; Figure S4A).

In line with this mutational analysis, treatment of the FNIP1 de-

gron with Cys-modifying iodoacetamide or N-ethylmaleimide in-

hibited its recognition by FEM1B (Figure 5E; Figures S4B and

S4C) and its CUL2FEM1B-dependent ubiquitylation (Figure 5F).

Similar observations were made in cells, where the iodoaceta-
mide derivative IA-Alkyne impaired FEM1B-dependent degrada-

tion of GFPdegron (Figure 5G). We conclude that the reductive

stress E3 ligase CUL2FEM1B relies on an unmodified Cys degron

to detect its essential substrate FNIP1.

Reductive Stress Triggers Detection of FNIP1 by
CUL2FEM1B

Given the role of Cys residues in CUL2FEM1B recognition, we next

determined the oxidation state of the FNIP1 degron during
Cell 183, 46–61, October 1, 2020 53
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normal conditions and reductive stress. Despite treating FNIP1

immunoprecipitates with multiple proteases or even using

synthesized peptides, we could not detect the entire degron by

proteomic means. This peptide was also absent from global an-

alyses of Cys oxidation, suggesting that it evades analysis by

mass spectrometry (Leichert et al., 2008; Souza et al., 2018;

van der Reest et al., 2018). Selective derivatization was

hampered by 30 additional Cys residues in FNIP1. However,

because the degron was prone to disulfide bond formation (Fig-

ure S5A), we could analyze its oxidation using the thioredoxin

TRX (Lindahl and Florencio, 2003). TRX contains an active site

Cys residue that attacks intracellular disulfide bonds before a

second TRX Cys targets themixed disulfide to release a reduced

protein. A TRXC35S variant lacking the second Cys fails to resolve

the mixed disulfide and covalently traps oxidized proteins; the

more a protein is trapped by TRXC35S, the more it is oxidized

in cells.

Revealing significant degron oxidation under normal condi-

tions, we found that GFPdegron, but not the Cys-free reporter,

was efficiently trapped by TRXC35S (Figure 6A). Treatment with

a-ketoglutarate, which escalates ROS by increasing flux through

themitochondrial TCA cycle, or antimycin A, which elevates ROS

by inhibiting mitochondrial complex III, enhanced TRXC35S trap-

ping of GFPdegron or full-length FNIP1 (Figure 6B; Figure S5B).

Importantly, ROS depletion after CUL3KEAP1 inhibition shielded

the degron from TRXC35S, which documented a reversal of de-

gron oxidation during reductive stress (Figure 6C).

Several observations showed that degron oxidation controls

FNIP1 recognition by CUL2FEM1B. Even brief incubation of the

degron without a reducing agent disrupted its binding to

FEM1B, which was restored by Tris(2-carboxyethyl)phosphine

hydrochloride (TCEP) (Figure 6D). In cells, treatment with a-keto-

glutarate or antimycin A stabilized GFPdegron (Figures 6E and 6F;

Figure S5C), dependent on ROS produced by the respiratory

chain (Figure S5C). Similar observations were made for myxo-

thiazol, which increased ROS and stabilized GFPdegron (Figures

S5D and S5E), and for loss of the antioxidant enzymes GSR

and TXRND1 (Figure S5F). Conversely, conditions that evoked

reductive stress, asmitochondrial inactivation through glutamine

starvation or CUL3KEAP1 inhibition, accelerated GFPdegron turn-

over (Figure 6F; Figure S5G).

Extending these results to full-length proteins, antimycin A

reduced binding of FNIP1 to FEM1B, but reductive stress

strongly promoted this interaction (Figure 6G). In fact, when

FEM1B and FNIP1 were present at endogenous levels, we could

detect their association only after reductive stress had been

imposed by CUL3KEAP1 inhibition (Figure 6H). Reductive stress

also lowered the protein levels but increased ubiquitylation of

endogenous FNIP1 (Figure 6I). We conclude that reductive

stress reverses oxidation of Cys residues in the FNIP1 degron

and allows CUL2FEM1B to associate with its substrate. These

findings identify the FNIP1 degron as a reductive stress sensor

that is read out by CUL2FEM1B.

FNIP1 Degradation Controls Mitochondrial Function
We speculated that FNIP1 degradation might modulate the ac-

tivities of AMPK or mTORC1 (Baba et al., 2006, 2012; Hasumi

et al., 2012; Tsun et al., 2013) because these kinases control
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biogenesis of mitochondria, which produce most cellular ROS.

However, although loss of FEM1B slightly improved amino

acid-dependent activation of mTORC1 in myoblasts, this was

stimulated, rather than decreased, by FNIP1 co-depletion (Fig-

ure S6A). The minor increase in AMPK activity caused by lack

of FEM1B was also unaffected by FNIP1 co-depletion (Fig-

ure S6B). Furthermore, mutation of its degron did not affect bind-

ing of FNIP1 to AMPK or regulators of mTORC1 (Figure S6C),

which indicated that FNIP1 stability did not affect mTORC1 or

AMPK signaling in myoblasts.

Alternatively, FNIP1 stabilitymightdirectly affectmitochondria.

Indeed, although FEM1B depletion did not reduce mitochondrial

content (Figure S6D), all mitochondria of FEM1B-deficient cells

showed a heavily stained matrix in transmission electron micro-

scopy (Figure 7Ab). Mitochondria in FEM1B-depleted cells thus

undergo matrix condensation, which been ascribed to a lack of

substrate for oxidative phosphorylation (Hackenbrock, 1966).

Many mitochondria also displayed onion-like swirling of cristae

(Figure 7Ac), indicative of upregulation of respiratory chain com-

ponents in response to impaired oxidative phosphorylation

(Jiang et al., 2017; Walker and Benzer, 2004), and some mito-

chondria contained large blebs (Figure 7Ad), as observed upon

initiation ofmitophagy (Jin et al., 2010; Pickles et al., 2018). These

phenotypes were rescued by FNIP1 co-depletion (Figure 7Af),

showing that FNIP1 stabilization altered mitochondrial

morphology, consistent with reduced oxidative phosphorylation.

In line with these findings, FEM1B depletion reduced, but loss

of FNIP1 increased, the mitochondrial membrane potential (Fig-

ure 7B). Cells lacking FEM1B also contained a fragmented mito-

chondrial network clustered around the nucleus (Figure 7C) and

did not produce mitochondrial ROS (Figure 7D). These pheno-

types were rescued by FNIP1 depletion (Figures 7B–7D),

showing that FNIP1 stabilization inhibits, but its degradation

through CUL2FEM1B increases, mitochondrial output to produce

ROS and counteract reductive stress.

FEM1B and FNIP1 Are Metabolic Regulators
How could cytoplasmic FNIP1 degradation improve mitochon-

drial activity? Mitochondria harbor enzymes for fatty acid

b-oxidation and the TCA cycle, which convert acetyl-coenzyme

A (CoA) into substrate for oxidative phosphorylation and building

blocks for amino acid synthesis. To fuel these reactions, mito-

chondria import pyruvate, fatty acids, or TCA cycle intermedi-

ates, coupling cytoplasmic metabolism with mitochondrial en-

ergy production.

We thus wanted to find out whether FNIP1 stability affected

glycolysis as a major source of pyruvate. FEM1B depletion

reduced the glycolytic rate ofmyoblasts, whereas the respiratory

chain itself was unaffected, as monitored by the oxygen

consumption rate (Figures S7A and S7B). The extracellular acid-

ification rate, which reflects secretion of lactate downstream of

pyruvate, was also lowered by loss of FEM1B (Figure S7C).

Liquid chromatography coupled to mass spectrometry revealed

that loss of FEM1B depleted cells of glycolytic and TCA cycle in-

termediates (Figure 7E; Figure S7D). In addition, lack of FEM1B

reduced the levels of glucose (Figure 7E) as well as glucose up-

take (Figure S7E). However, only a few glycolytic intermediates

increased, and glucose import was only improved mildly, upon



Figure 6. The FNIP1 Degron Is Redox Sensitive

(A) Wild-type or Cys-free GFPdegron was tested for TRXC35S trapping, as determined by TRXC35S affinity purification and western blotting against GFPdegron.

(B) Cells were treated with cell-permeable a-ketoglutarate or antimycin A, and TRXC35S trapping of GFPdegron was determined as above.

(C) TRXC35S trapping of GFPdegron was determined in cells treated with the KEAP1 inhibitor bardoxolone.

(D) The TAMRA-labeled FNIP1 degron was diluted in a buffer with (TCEP) or without (OX) reducing agent. After binding to FEM1B was measured by fluorescence

polarization, the oxidized degron was treated with TCEP, and binding to FEM1B was monitored again (OX > TCEP) with mean ± SD.

(E) Cells expressing GFPdegron were treated with antimycin A or carfilzomib, and the GFP/mCherry ratio was determined by flow cytometry.

(F) Cells expressing GFPdegron were exposed to reductive stress by glutamine depletion or KEAP1 inhibition, and the GFP/mCherry ratio was determined by flow

cytometry.

(G) FLAGFEM1B was affinity purified from cells treated with carbonyl cyanide 3-chlorophenylhydrazone (CCCP), antimycin A, oligomycin, or the KEAP inhibitor

tert-butylhydroquinone (TBHQ), and binding to endogenous FNIP1 and FLCN or HA-tagged GATOR1 subunits was determined by western blotting.

(H) The FEM1B locus of 293T cells was fused to a FLAG epitope. Cells that expressed dominant-negative CUL2 (amino acids 1–427) to stabilize FEM1B-substrate

interactions were treated with oligomycin, antimycin A, or TBHQ. Endogenous FEM1B was affinity purified, and bound FNIP1 was detected by western blotting.

(I) 293T cells were treated with bardoxolone with or without the NEDD8 inhibitor MLN4924. Ubiquitylated FNIP1 was isolated using TUBEs and detected by

western blot.

See also Figure S6.
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FNIP1 co-depletion (Figure S7E). Mass spectrometry experi-

ments showed that myoblasts derive few TCA cycle intermedi-

ates from glucose (Figure S7F), and the flux of glucose carbon

atoms to the TCA cycle was unaffected by FEM1B depletion

(Figure S7G). Co-depletion of glucose-utilizing enzymes also

did not restore differentiation during reductive stress (Fig-

ure S7H). Thus, although FEM1B affects glucose metabolism,

this likely involves a substrate distinct from FNIP1.
We noted that myoblasts derive most TCA cycle intermediates

from glutamine (Figure S7F), which is converted into glutamate

prior to its import intomitochondria.Metabolomicsanalyses found

thatFEM1Bdepletiondecreasedglutamate levels,whereas lossof

FNIP1 increased its abundance (Figure 7E). Co-depletion of

FEM1B and FNIP1 cancelled these phenotypes. In a similar

manner, precursorsorcomponentsofothermitochondrial shuttles

were increased by FNIP1 loss, decreased upon depletion of
Cell 183, 46–61, October 1, 2020 55



Figure 7. FNIP1 Is a Mitochondrial Gatekeeper

(A) C1C12 myoblasts were depleted of FEM1B, FNIP1, or both and processed for transmission electron microscopy.

(B) C2C12myoblasts were depleted of FEM1B, FNIP1, or both; incubated with themitochondrial membrane potential dye TMRM; and analyzed by flow cytometry

(control: CCCP-treated cells).

(C) Mitochondrial morphologywas examined in C2C12myoblasts depleted of FNIP1, FEM1B, or both by immunofluorescencemicroscopy against TOMM20. The

distance of mitochondria from the nucleus was quantified (n = 10–15 per condition).

(D) C2C12 myotubes were depleted of FEM1B, FNIP1, or both and stained for mitochondrial superoxide using MitoSox.

(E) C2C12 myoblasts were depleted of FEM1B and/or FNIP1, and the abundance of polar metabolites was determined by liquid chromatography and mass

spectrometry. The first dot shows FNIP1-depleted cells, the second FEM1B-depleted cells, and the third cells co-depleted of FNIP1 and FEM1B (yellow, up-

regulation compared with the control; blue, downregulation). Metabolites regulated by FNIP1 and FEM1B are depicted in red.

(F) Model of the reductive stress response. Reductive stress reverses the oxidation of invariant Cys residues in the FNIP1 degron, leading to recognition of FNIP1

by CUL2FEM1B, polyubiquitylation, and proteasomal degradation. Loss of FNIP1 increases mitochondrial activity and triggers production of ROS to counteract

reductive stress.

See also Figure S7.
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FEM1B, and unaltered in myoblasts lacking FEM1B and FNIP1.

This included citrulline and ornithine, which replenish fumarate

fromarginine; the fatty acidcarrier acetylcarnitineand itsprecursor

panthothenate; and the NADH shuttle glycerol-3-phosphate (Fig-

ure 7E). Degradation of FNIP1 through CUL2FEM1B therefore in-

creases the availability of several metabolite shuttles, which could

provideameans to jumpstart theTCAcycleand induceproduction

ofmitochondrion-derived ROS.We conclude that CUL2FEM1B and

FNIP1 not only sensebut also alleviate reductive stress, identifying

these proteins as a core module of the reductive stress response.

DISCUSSION

Persistent lack of ROS, or reductive stress, impedes critical

signaling pathways and increases mortality (Bjelakovic et al.,
56 Cell 183, 46–61, October 1, 2020
2007;McClung et al., 2004; Rajasekaran et al., 2007, 2011; Ristow

et al., 2009). Although mitochondrial inactivity provides a physio-

logical trigger for reductive stress, it is also elicited by inhibition of

CUL3KEAP1 and the ensuing accumulation of NRF2. KEAP1 inhibi-

tion is a frequent consequence of nutrient depletion, exposure to

electrophilic toxins, or germline or somatic mutations (Bellezza

et al., 2018; Bollong et al., 2018; Lignitto et al., 2019; Yamamoto

et al., 2018). However, KEAP1 deletion in mice causes lethality

only after birth (Wakabayashi et al., 2003; Yamamoto et al.,

2018), and KEAP1 mutations are frequently observed in cancer

cells (Armenia et al., 2018; Cancer Genome Atlas Research

Network, 2012; Lignitto et al., 2019;Wiel et al., 2019). Thus,mech-

anisms must exist to detect and alleviate reductive stress.

Indeed, we identified CUL2FEM1B and its target FNIP1 as core

components of the reductive stress response. CUL2FEM1B only
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binds FNIP1 if the oxidation of Cys residues in FNIP1 is reverted

during reductive stress. CUL2FEM1B then ubiquitylates FNIP1,

which, in turn, activates mitochondria to counteract reductive

stress (Figure 7F). We also found that CUL2FEM1B is required

for nuclear import of NRF2, which, paradoxically, should support

antioxidant gene expression. We speculate that the ability of

CUL2FEM1B to license NRF2 nuclear import provides a safety

mechanism during prolonged periods of FNIP1 degradation

and mitochondrial activation. A similar dichotomy exists during

oxidative stress, where NRF2 stabilization triggers antioxidant

signaling and, likely with a delay, mitochondrial biogenesis

(Rojo de la Vega et al., 2018). These findings highlight the impor-

tance of maintaining physiological ROS levels, which we now

attribute to a redox rheostat that integrates oxidative and reduc-

tive stress responses.

Our findings suggest that FNIP1 degradation mainly acts as a

mitochondrial gatekeeper. Stabilization of FNIP1 reduced mito-

chondrion-derived ROS and induced changes in mitochondrial

morphology reminiscent of a lack of substrate for oxidative

phosphorylation. Stable FNIP1 also depleted cells of metabolite

shuttles, which reduced the levels of TCA cycle intermediates

and dampened the reactions that generate substrate for the res-

piratory chain. FNIP1 stabilization could thus contribute to anti-

oxidant defenses in cells with highly active mitochondria.

FNIP1’s role as a mitochondrial inhibitor might also be related

to its recruitment to damaged mitochondria prior to autophagy

because compromised organelles need to be shut down to

ensure cell survival (Heo et al., 2018).

Importantly, reductive stress through its hallmark absence of

ROS reduces the Cys degron in FNIP1 and triggers proteasomal

degradation of this mitochondrial gatekeeper. Loss of FNIP1

boosted levels of metabolite shuttles, increased mitochondrial

membrane potential, and restored mitochondrial activity in cells

lacking FEM1B. These observations are congruent with pheno-

types of FNIP1 deletion in mice, which causes a switch from

glycolytic to oxidative myofibers, characterized by abundant

mitochondria (Reyes et al., 2015). We conclude that FNIP1

degradation increases mitochondrial output to produce ROS

and counteract reductive stress. CUL2FEM1B and FNIP1 thus

constitute a ubiquitin-dependent stress module that tunes mito-

chondrial output to the metabolic and redox needs of myoblasts

(Figure 7F).

The reductive stress response bears striking similarity to path-

ways that respond to hypoxic and oxidative stress; these also

rely on E3 ligases of the CRL family, which detect their substrates

dependent on oxidation events. Although prolyl hydroxylation

marks HIF1a for ubiquitylation by the hypoxic stress E3 CUL2VHL

(Kaelin, 2007; Ohh et al., 2000), oxidation of Cys residues in

KEAP1 prevents NRF2 ubiquitylation during oxidative stress

(Zhang et al., 2004). It appears that cells evolved highly similar

ubiquitin-dependent mechanisms to cope with different insults

on redox homeostasis, which highlights the power of ubiquityla-

tion to help cells adapt to rapidly changing environments.

Underscoring the importance of reductive stress signaling for

tissue homeostasis, loss of FNIP1’s partner FLCN results in pre-

disposition to renal cancer (Baba et al., 2006; Nickerson et al.,

2002). The same tumor type is caused by mutation of KEAP1,

CUL3, NFE2L2, or VHL (Kaelin, 2007; Singh et al., 2006) or aber-
rant oxidative metabolism (Xu et al., 2019). Kidney cells might

frequently fail to sustain the high ATP levels needed to filter toxic

substrates out of blood (Bhargava and Schnellmann, 2017), a

condition that resembles reductive stress. In line with the impor-

tance of ATP production, redox stress pathways shape energy

metabolism; HIF1a increases glycolysis, NRF2 elicits mitochon-

drial biogenesis (Gonzalez et al., 2018; Rojo de la Vega et al.,

2018), and FNIP1 tunes oxidative phosphorylation. Given the

similar consequences of KEAP1, FLCN, and VHL mutation and

their overlapping functions, we propose that it is regulation of

metabolism that integrates the stress and developmental roles

of these stress response pathways.

Although FNIP1 is its critical substrate during reductive stress,

CUL2FEM1B also targets other proteins; CUL2 paired with

FEM1A, FEM1B, or FEM1C ubiquitylates the histone mRNA-

binding protein SLBP (Dankert et al., 2017), and FEM-1 binds

Gli transcription factors in worms (Starostina et al., 2007).

FEM1 proteins also act in the C-end rule pathway to eliminate

proteins with carboxyl-terminal degrons or truncations (Koren

et al., 2018). Because FEM1A does not bind FNIP1, it is likely

that FEM1B detects these targets through a distinct site, poten-

tially coordinating their degradation with redox regulation. We

also found that CUL2FEM1B binds, but does not polyubiquitylate,

the mTORC1 inhibitor GATOR1 (Bar-Peled et al., 2013; Dutchak

et al., 2018). Opposite FNIP1 deletion, which increases oxidative

muscle fibers, muscle-specific loss of GATOR1 causes a switch

to glycolytic fibers (Dutchak et al., 2018). We speculate that

GATOR1 regulates FEM1B to prevent untimely FNIP1 degrada-

tion or coordinate reductive stress and mTORC1 signaling. Our

discovery of the reductive stress response thus provides a start-

ing point to dissect, and modulate for therapeutic benefit, the

complex architecture of metazoan redox stress signaling, an

important step toward elucidating how tissue homeostasis is

accomplished in the natural environments of metazoan

organisms.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse monoclonal anti-Flag clone M2 Sigma-Aldrich Cat#F1804; RRID:AB_262044

Rabbit polyclonal anti-CUL2 Bethyl Cat#A302-476A; RRID:AB_1944215

Rabbit monoclonal anti-FNIP1 [EPNCIR107] Abcam Cat#ab134969

Rabbit monoclonal anti-FNIP1 antibody

[EPR20832]

Abcam Cat#ab215725

Rabbit polyclonal anti-GFP Abcam Cat#ab6556; RRID:AB_305564

Rabbit polyclonal anti-FEM1B Proteintech Cat#19544-1-AP; RRID:AB_10644294

Mouse monoclonal anti-MYOSIN,

SARCOMERE (MHC)

Developmental Studies

Hybridoma Bank

Cat#MF 20; RRID:AB_2147781

Mouse monoclonal anti-MYOGENIN Developmental Studies

Hybridoma Bank

Cat#f5d; RRID:AB_2146602)

Mouse monoclonal anti-beta-ACTIN (clone C4) MP Biomedicals Cat#691001

Rabbit polyclonal Anti-TOMM20 Sigma-Aldrich Cat#HPA011562; RRID:AB_1080326

Rabbit monoclonal anti-HA-Tag (C29F4) Cell Signaling Technology Cat#3724; RRID:AB_1549585

Rabbit monoclonal anti-Flag DYKDDDDK Tag Cell Signaling Technology Cat#2368; RRID:AB_2217020

Rabbit monoclonal anti-FLCN (D14G9) Cell Signaling Technology Cat#3697; RRID:AB_2231646

Rabbit monoclonal anti-KEAP1 (D6B12) Cell Signaling Technology Cat#8047; RRID:AB_10860776

Rabbit monoclonal anti-NRF2 (D1Z9C XP) Cell Signaling Technology Cat#12721; RRID:AB_2715528

Rabbit monoclonal anti-CITRATE

SYNTHASE (D7V8B)

Cell Signaling Technology Cat#14309; RRID:AB_2665545

Rabbit monoclonal anti-GAPDH (D16H11 XP) Cell Signaling Technology Cat#5174; RRID:AB_10622025

Rabbit monoclonal anti-Phospho-AMPKa

(Thr172) (40H9)

Cell Signaling Technology Cat#2535; RRID:AB_331250

Rabbit monoclonal anti-AMPKa (D5A2) Cell Signaling Technology Cat#5831; RRID:AB_1062218

Rabbit monoclonal anti-Phospho-p70 S6 KINASE

(Thr389) (108D2)

Cell Signaling Technology Cat#9234; RRID:AB_2269803

Rabbit monoclonal anti-p70 S6 KINASe (49D7) Cell Signaling Technology Cat#3661; RRID:AB_330337

Rabbit monoclonal anti-Phospho-ACETYL-COA

CARBOXYLASE (Ser79)

Cell Signaling Technology Cat#3661; RRID:AB_330337

Rabbit monoclonal anti-ACETYL-COA

CARBOXYLASE (C83B10)

Cell Signaling Technology Cat#3676; RRID:AB_2219397

Mouse monoclonal Anti-CUL3 clone 90 Mena et al., 2018 N/A

Bacterial and Virus Strains

E.coli LOBSTR Laboratory of Thomas Schwartz N/A

E.coli: One Shot Stbl3 Chemically competent cells Thermo Fisher Scientific Cat#C737303

Chemicals, Peptides, and Recombinant Proteins

TAMRA-labeled FNIP1 wild type peptide (5,6-

TAMRA-RNKSSLLFKESEE

TRTPNCNCKYCSHPVLG)

Koch Institute/MIT

Biopolymers lab

N/A

TAMRA-labeled FNIP1 Cys-free peptide (5,6-

TAMRA-RNKSSLLFKESEE

TRTPNSNSKYSSHPVLG)

Koch Institute/MIT

Biopolymers lab

N/A

TAMRA-labeled FNIP1 Lys-free peptide (5,6-

TAMRA-RNRSSLLFRESEE

TRTPNCNCRYCSHPVLG)

Koch Institute/MIT

Biopolymers lab

N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
MBP/HISFEM1B This paper N/A
MBP/HISFEM1B/ELONGIN B/

ELONGIN C17-112 complex

This paper N/A

HIS-TEVCUL2-RBX1 This paper N/A

CUL2FEM1B (CUL2-RBX1, FEM1B/ELONGIN B/

ELONGIN C17-112 complex

This paper N/A

E1/UBA1 Laboratory of Michael Rape N/A

UBE2R1 Laboratory of Michael Rape N/A

UBE2D3 Laboratory of Michael Rape N/A

MBP-FBXL17 Laboratory of Michael Rape N/A

GATOR1 complex (DEPDC5, Flag

NPRL2, FlagNPRL3)

Laboratory of Roberto Zoncu N/A

UBA3 Boston Biochem Cat#E-313

UBE2M Boston Biochem Cat#E2-656

NEDD8 Boston Biochem Cat#UL-812

UBIQUITIN Boston Biochem Cat#U-100H
HIS-TEV-HALO4x UBIQUILIN

UBA TUBE

MRC PPU, College of

Life Sciences, University

of Dundee, Scotland

Cat#DU23799

1,10-Phenanthroline Sigma-Aldrich Cat#P1,280-4

Hoechst 33342 AnaSpec Cat#83218

cOmplete, EDTA-free protease inhibitor cocktail

tablets from Roche

Sigma-Aldrich Cat#11873580001

Phenylmethanesulfonyl fluoride Sigma-Aldrich Cat#P7626

Polyethylenimine (PEI), Linear, MW 25000,

Transfection Grade

Polysciences Cat#23966-1

iodoacetamide Thermo Fisher Scientific Cat#A39271

N-Ethylmaleimide Sigma-Aldrich Cat#E3876

TEV protease UC Berkeley QB3 MacroLab N/A
13C glucose Sigma-Aldrich Cat#389374-1G

isotopic AMP Sigma-Aldrich Cat#900382

isotopic Fructose-1,6-bisphosphate Cambridge Isotope

Laboratories

Cat#CLM-6678-0

MitoSox Invitrogen Cat#M36008

3xFlag peptide Millipore Cat#F4799

S1QEL1.1 Sigma-Aldrich Cat#SML1948

S3QEL 2 Sigma-Aldrich Cat#SML1554

Z-Leu-Leu-Leu-al (MG132) Thermo Fisher Scientific Cat#I13005M

IA-Alkyne Tocris Cat#7015

Bardoxolone methyl Sigma-Aldrich Cat# SMB00376

TCEP (Tris(2-carboxyethyl)phosphine

hydrochloride))

Sigma-Aldrich Cat#C4706

Carfilzomib Selleck Chemical Cat#PR-171

Oligomycin Thermo Fisher Scientific Cat#ICN15178601

TBHQ (tert-Butylhydroquinone) Acros organic Cat#150820050

MLN4924 Cayman Chemicals Cat#15217

CCCP (CARBONYL CYANIDE 3-

CHLOROPHENYLHYDRAZONE)

Sigma-Aldrich Cat#C2759

Rotenone Sigma-Aldrich Cat#R8875

Myxothiazol Sigma-Aldrich Cat#T5580

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Dimethyl 2-oxoglutarate (aKG) Sigma-Aldrich Cat#349631

Antimycin A Sigma-Aldrich Cat#A8674

Critical Commercial Assays

MitoProbe TMRM Assay Kit for Flow Cytometry Thermo Fisher Scientific Cat#M20036

NAD/NADH-Glo Promega Cat#G9072

NADP/NADPH-Glo Promega Cat#G9082

ROS-Glo H2O2 Assay Promega Cat#G8820

Glucose Uptake-Glo Assay Promega Cat#J1341

Seahorse XF Cell Mito Stress Test Agilent Cat#103015-100

Seahorse XF Glycolytic Rate Assay Agilent Cat#103710-100

TnT quick coupled in vitro transcription/translation

system

Promega Cat#L2080

Ioninc Detergent Compatibility Reagent Thermo Fisher Scientific Cat#22663

Pierce 660nm Protein Assay Reagent Thermo Fisher Scientific Cat#22660

Deposited Data

RNaseq of C2C12 cells depleted of KEAP1 and/

or FEM1B

GSE155374

Experimental Models: Cell Lines

HEK293T ATCC Cat#CRL-3216; RRID: CVCL_0063

C2C12 ATCC Cat#CRL-1772 RRID:CVCL_0188

Human: FLAG-FEM1B HEK293T cells This paper N/A

Human: FEM1BD #1 (LA3) HEK293T cells This paper N/A

Human: FEM1BD #2 (SG2) HEK293T cells This paper N/A

Human: FEM1BD #3 (SA4) HEK293T cells This paper N/A

SF9 ATCC Cat# CRL-1711; RRID:CVCL_0549

Oligonucleotides

Primer for FEM1B sgRNA (KO):

ggatcctaatacgactcactatagATT

AACGAGTCCGCGCGCGTgt

tttagagctagaa

This paper N/A

Primer for FEM1B sgRNA (KO):

ggatcctaatacgactcactatagAA

GACGAGCTTTCGCAGACA

gttttagagctagaa

This paper N/A

Fwd primer for FEM1B sgRNA (tagging):

caccGGCGGCGGCCATGGAGGGCC

This paper N/A

Rev primer for FEM1B sgRNA tagging:

aaacGGCCCTCCATGGCCGCCGCC

This paper N/A

Donor oligo DNA for FLAG tag

insertion at the N terminus of

FEM1B: TCCGGGGGCGCAC

GGCAGCTGCAGCGGTGGC

GACCAAACGGGTGTTGGA

GTTGGCGGCGGCCATGG

ACTACAAAGACCATGACGG

TGATTATAAAGATCATGACA

TCGATTACAAGGATGACGAT

GACAAGGAGGGCCTGGCT

GGCTATGTATACAAGGCGG

CCAGCGAGGGCAAGGTGCT

GACTCTGGCCGCCTTGCTT

This paper N/A

shFEM1B#1 Sigma-Aldrich Cat#SHCLNG TRCN0000303677125

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

shFEM1B#2 Sigma-Aldrich Cat#SHCLNG TRCN0000299671125

shFEM1B#3 Sigma-Aldrich Cat#SHCLNG TRCN0000303647125

shFEM1B#4 Sigma-Aldrich Cat#SHCLNG TRCN0000303746125

shTXNRD1 Sigma-Aldrich Cat#SHCLNG TRCN0000046535

shGSR Sigma-Aldrich Cat#SHCLNG TRCN0000046425

See Table S2 for all siRNA targeting sequences

See Table S3 for all qPCR primer sequences

Recombinant DNA

pCS2+ 3xFlag-FEM1B (wild-type, L597A, C186S) This paper N/A

pCS2+ HA-FLCN This paper N/A

pCS2+ HA-FNIP1 (wild-type, 1-893, 1-704, 1-560,

561-1137, 561-893, 562-591, 562-578D, 572-

581D, 582-591D, 592-632D, S572A, E574R,

E574R, T575A, R576A, T577A, P578A, N579A,

C580S, N581A, C582S, K583A, Y584F, C585S,

S586A, H587A, and C580S/C582S/C585S)

This paper N/A

pCS2+ Flag-FNIP1 (wild-type and C580S/

C582S/C585S)

This paper N/A

pCS2+ HA-DEPDC5 This paper N/A

pCS2+ HA-NPRL2 This paper N/A

pCS2+ HA-NPRL3 This paper N/A

pCS2+ HA-dnCUL2 (1-427) This paper N/A

pCS2+ GFP-2xEsp3I-IRES-mCherry This paper N/A

pCS2+ GFP-Fnip1 degron (562-591)-IRES-

mCherry (wild-type, C580S, C582S, C585S,

C580S/C582S, and C580S/C582S/C585S)

This paper N/A

pCS2+ TRX-HIS6-Flag C35S This paper N/A

pMAL MBP-TEV2x-HIS6-FEM1B This paper N/A

pRSFDuet-1 Elongin B, ElonginC17-112 This paper N/A

pFastBac Dual HIS6-TEV-CUL2, RBX1 This paper N/A

pET28a-6HIS-TEV-HALO-4x ubiquilin UBA TUBE MRC PPU, College of

Life Sciences, University

of Dundee, Scotland

DU23799

pX330-sgRNA-FEM1B This paper N/A

pLenti-PGK-Hygro-Flag-CUL2 This paper N/A

Software and Algorithms

GraphPad Prism GraphPad Software, Inc RRID:SCR_002798

Metamorph Advanced Molecular Devices RRID:SCR_002368

FlowJo Flowjo RRID:SCR_008520

Columbus Image Data Storage and Analysis

System

PerkinElmer Cat#Columbus

Harmony High-Content Imaging and Analysis

Software

PerkinElmer Cat#HH17000010

Fiji Schindelin et al., 2012 RRID:SCR_002285

Kallisto Bray et al., 2016 RRID:SCR_016582

Sleuth Pimentel et al., 2017 RRID:SCR_016883

Other

Lipofectamine RNAiMAX Thermo Fisher Scientific Cat#13778150

Lipofectamine 2000 Thermo Fisher Scientific Cat#11668027

ANTI-FLAG� M2 Affinity Agarose Gel slurry Sigma-Aldrich Cat#A2220

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Ni-NTA QIAGEN Cat#30210

HiLoad 16/600 Superdex 200pg GE Healthcare Cat#28-9893-35

Mono Q 10/100 GL GE Healthcare Cat#17-5167-01

HALO-link resin Promega Cat#G1914

3xFlag peptide Millipore Cat#F4799

Protein G-Agarose beads Roche Cat#11719416001

Amylose Resin New England Biolabs Cat#E8021L
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RESOURCE AVAILABILITY

Lead Contact
Further information and requests for reagents and resources should be directed to the Lead Contact Michael Rape (mrape@

berkeley.edu).

Materials Availability
All plasmids and cell lines generated in this work can be requested from the lead contact’s lab. All antibodies, chemicals, and most

cell lines used in this study are commercially available.

Data and Code Availability
Gene expression data by RNaseq from cells lacking KEAP1, FEM1B, or both were uploaded to GEO (GSE155374).

Experimental Model and Subject Details
C2C12myoblasts (ATCC, CRL-1772, female) and HEK293Ts (ATCC, CRL-3216, female) were grown in DMEMwith 10% fetal bovine

serum at 37�C and 5%CO2. For C2C12 differentiation, cells were grown to 70%–90% confluence and had their media changed 2-3x

in differentiation medium, DMEM with 2% donor equine serum. For amino acid starvation, cells were washed 1x in PBS and put in

amino acid free RPMI (US biologicals, R9010-01) and 10%dialyzed FBS. 1x Amino acids were added to the cultures at indicated time

points. For glucose and glutamine starvations, cells were rinsed in phosphate buffered saline and incubated with DMEM -Glucose

(Thermo Fisher Scientific, 11966025) or DMEM -Glutamine (Thermo Fisher Scientific, 11960044) with 10% dialyzed fetal bovine

serum. SF9 (ATCC, CRL-1711, female) insect cell cultures were grown in in ESF921 (Expression Systems) supplemented with 1%

fetal bovine serum and 1% Antibiotic-Antimycotic (Thermo Fisher Scientific, 15240062) at 28�C with shaking at 125rpm. All cell

stocks and SF9 cultures were obtained from the UCBCell Culture Facility which is supported by The University of California Berkeley.

METHOD DETAILS

Screening and myotube analysis
For the CUL2 and CUL3 adaptor screen, early passage C2C12 mouse myoblasts were seeded into 96 well plates at 400 to 500 cells/

well using a Thermo Scientific Mulitdrop Combi system. The next day, cells were transfected with �20nM final concentration of

siRNAs using an Agilent Velocity 11 Bravo Automated Liquid Handling Platform. The next day, cells were differentiated by changing

the media 3x with differentiation media using the Bravo. Media was changed every day and on the fourth day, cells were fixed in 4%

formaldehyde in PBS for 20min. Fixed cells were washed in PBS, permeabilized with 0.1% triton, and stained for immunofluores-

cence with antibodies in phosphate buffered saline with 10% fetal bovine serum. All incubations for immunofluorescence were

done with very slow mixing in a circular motion on a plate shaker for 3 hours for primary antibody and 1 hour for secondary antibody

and Hoechst (AnaSpec, 83218). Plates were imaged on a Molecular Devices ImageXpress Micro Widefield High-Content Analysis

System with a 10x objective capturing 25 images per well. Images were analyzed by a MetaXpress custom module from Molecular

Devices to quantify the myotube area and nuclei count.

Individual siRNA myotube analysis was performed as described above, but with 12 well plates seeded with early passage C2C12

cells at 40,000-50,000 cells per well. The day after seeding, cells were transfected with 20-80nM final concentration of siRNAs de-

pending on the number of co-depletions. For S1QEL1.1 and S3QEL 2 myotube analysis, 12-14 hours after siRNA transfection, the

media was replaced with growthmedia containing DMSO or 1.75 mMS1QEL1.1 and 42.5 mMS3QEL 2 (Sigma-Aldrich, SML1948 and

SML1554). These drug concentrations weremaintained for all subsequent media changes throughout differentiation. Cells were fixed

at day 3 or 4 of differentiation and prepared for immunofluorescence as above. 49 or 100 images per condition were acquired on

Perkin Elmer Opera Phenix automated microscope using a 20x objective. Images were analyzed by an analysis sequence designed

in the Perkin Elmer Harmony and Columbus software to quantify a fusion index (nuclei withinMyHC stained cells containing 2 ormore
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nuclei divided by the total nuclei). The analysis of the cullin depletion phenotypes and the initial validation of screen hits were per-

formed on the ImageXpress Micro.

Transfection
For transient plasmid transfection, 293Ts and C2C12s were transfected using polyethylenimine (PEI, Polysciences 23966-1) with

cDNAs expressed from pCS2+ vectors. For the C2C12 FEM1B mass spectrometry immunoprecipitations, 20ug of DNA with 60ml

of PEI (1mg/ml) in 500ml Optimem per 15 cm with a total of 20 plates. For 293T experiments, the following mg amounts were used

for 10cmplate transfections HAFNIP1 constructs 2 mg, HAFLCN 0.5-1 mg, FlagFEM1B constructs 0.5-1 mg, HADEPDC5 0.5 mg, HANPRL2

0.5 mg, HANPRL3 0.5 mg, dnCUL21-427-HA 5 mg, GFPdegron-IRES-mCherry reporters 0.1 mg, and TRXC35S-HIS6/Flag 0.6 mg. PEI ratios

1:3 to 1:6 mg DNA to ml of PEI were used in 300ml of Optimum and cells were harvested 36h after transfection. For the FNIP1 mass

spectrometry immunoprecipitation, 10x15cm plates of 293Ts were transfected with 1.5 mg FlagFNIP1, 0.75 mg HAFLCN and empty

vector to 4 mg total with 1:6 ratio of PEI in 400ml Optimem per plate. For the purification of FlagFNIP1/HAFLCN for in vitro ubiquitylation

reactions, 4 mg of FlagFNIP1 and 2 mg of HAFLCN transfected as for the mass spectrometry transfection into 10x15cm plates of 293T.

For flow cytometry, 0.1 mg of GFPdegron-IRES-mCherry reporters, 1 mg of FEM1B constructs, and empty vector to 2 mg total were

added to 300ml of Optimum and 12ml PEI (1:6 ratio) and 60ml were added to 6 well plates of 293Ts and harvested for flow cytometry

after 24h. siRNA transfections were performed with Lipofectamine RNAiMAX (Thermo Fisher Scientific, 13778150) according to the

manufacturer’s recommendation. All siRNAs were ordered from Dharmacon/Horizon. Table S2 contains all siRNA sequences and

catalog numbers.

Metabolomics
Metabolomics for polar metabolites were performed as described (Louie et al., 2016) on 5 replicate 10cm of plates of C2C12

myoblast transfectedwith indicated siRNAs for 36 hours. Briefly, frozen cell pellets were extracted in 40:40:20 acetonitrile:methanol:-

water with inclusion of internal standard. Samples were vortexed and sonicated under pellets were in solution and then subjected to

centrifugation at 13,000 x g for 15 min. Supernatant was isolated for single-reaction monitoring (SRM)-based targeted LC-MS/MS.

Metabolites were separated using normal-phase chromatography using a Luna 5mmNH2 column (503 4.6mm, Phenomenex). Mo-

bile phases were as followed, buffer A: acetonitrile, buffer B: 95:5 water:acetonitrile with 0.1% formic acid or 0.2 ammonium hydrox-

ide with 50 mM ammonium acetate for positive and negative ionization mode, respectively. Chromatography conditions are as

described previously (Benjamin et al., 2014). MS analysis was performed using an Agilent 6430 QQQ LC-MS/MS where metabolites

were detected by single-reaction monitoring (SRM) and quantified by integrating the area under the curve for each metabolite and

subsequent normalization to internal standard levels. Metabolites were then normalized to control samples.

Small-scale Immunoprecipitations
Cells were harvested by removing growth media and scraping cells in 8-10ml of cold PBS. Cells were centrifuged for 5min at 300 g

and pellets resuspended in lysis buffer (40mMHEPES 7.5, 150mMNaCl, 0.2%NP40, with Roche cOmplete Protease Inhibitor Cock-

tail (Sigma-Aldrich, 11873580001)). For Figure S2D, the lysis buffer contained 2mM 1,10-Phenanthroline (Sigma-Aldrich, P1,280-4).

For Figure 6G, lysis buffer was the same as for FNIP1 mass spectrometry immunoprecipitation (40mM HEPES 7.5, 150mM NaCl,

0.2% NP40, with Roche cOmplete Protease Inhibitor Cocktail, 10mM b-glycerol phosphate, 10mM sodium pyrophosphate,

2.5mM MgCl2). Lysates were gently rocked for 30-60min at 4�C and cleared by centrifugation for 30min at 21000 g, 4�C. Superna-
tants were normalized to volume and protein concentration (if cells were treated with aromatic compounds, lysates were normalized

using pierce 660nm). 5% of the sample was removed as an input and of the sample was added to 20ml of washed ANTI-FLAG�M2

Affinity Agarose Gel slurry (Sigma-Aldrich, A2220) and rotated for 1-2 hours at 4�C. Beads were washed three times and eluted with

2x urea sample buffer. For indicated TRXC35S immunoprecipitations, cells were treated for 16 hours with Antimycin A (250nM, Sigma-

Aldrich), Dimethyl 2-oxoglutarate (aKG) (10mM, Sigma-Aldrich), and Bardoxolone methyl (400nM, Sigma-Aldrich). For the FlagFEM1B

immunoprecipitations in Figures 6G and 6H cells were treated with CCCP (10 mM, 1h, Sigma-Aldrich; Figure 6G only), Oligomycin

(10 mM, 12h, Sigma-Aldrich), Antimycin A (10 mM, 12h, Sigma-Aldrich), and TBHQ (100 mM, 12h, Acros organic).

Whole cell lysates
For western blot time courses, C2C12 myoblasts were seeded in 12 well plates at 40-50k cells per well. Cells were transfected 24h

later with siRNAs at 20nM-40nM for each siRNA. 24h after transfection, cells were differentiated, harvested at indicated time points

by washing in PBS, and lysed in 2x urea sample buffer, heated to 65�C for 10min, sonicated, and normalized to protein concentration

and volume with Pierce 660nm Protein Assay Reagent with Ioninc Detergent Compatibility Reagent (Thermo Fisher Scientific, 22660

and 22663). For Western analysis of phosphorylated proteins and of 293T cells, cells in 6-well plates were washed in cold PBS and

harvested in lysis buffer (1% Triton X-100, 10mM b-glycerol phosphate, 10mM sodium pyrophosphate, 4mM EDTA, 40mM HEPES,

pH7.4 with Roche cOmplete Protease Inhibitor Cocktail) with rocking for 10min at 4�C. Cell lysates were collected in 1.7ml tubes and

rocked for additional 20min at 4�C. Cells lysates were cleared by centrifugation at 21,000 gs for 20min at 4�C. Supernatants were

collected, normalized with Pierce 660nm, and added to an equal volume of 2x urea sample buffer. For the MG132 treatment in Fig-

ure 3G, 10 mMMG132 (Thermo Fisher Scientific, I13005M) was added for 6 hours prior to harvesting. Samples were heated to 65�C
for 10min and analyzed by immunoblot with indicated antibodies.
Cell 183, 46–61.e1–e11, October 1, 2020 e6
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In vitro ubiquitylations
For all ubiquitylations, CUL2-RBX1 and CRL2FEM1B complexes were modified with NEDD8 prior to the ubiquitylation assay in UBA

buffer (50mM Tris-HCl pH 7.5, 50mM NaCl, 10mM MgCl2), 20mM ATP, 6.3mM Nedd8, 1mM DTT, 5mM CUL2 complexes, 700nM

UBA3, 400nM UBE2M in a 20ml reaction volume for 15min at 30�C. Ubiquitylation assays were carried out in 10ml reactions with

1mM CUL2 ligase, 100mM ubiquitin, 1x UBA buffer (50mM Tris-HCl pH 7.5, 50mM NaCl, 10mM MgCl2) 20mM ATP, 1mM DTT,

1mME2s, and 1mMUBA1. For full length FlagFNIP/HAFLCN, 1-2ml of buffer exchanged aFLAGelutions were used and reactions carried

out at 30�C for 1h. For peptides, 500nM final concentration of 5,6-TAMRA labeled peptides were incubated at 30�C for indicated

times. To alkylate with iodoacetamide (Thermo Fisher Scientific, A39271) and N-Ethylmaleimide (Sigma-Aldrich, E3876), 200mMpep-

tide was incubated with or without 600mM alkylating agent for 1hour. Peptides were diluted into binding buffer with 0.1mM DTT to

quench the alkylating agents before addition into ubiquitylation reactions.

Flow Cytometry
293T cells were seeded at 300k cell/well in 6 well plates. The next day, cells were transfected with indicated constructs. Cells were

treated with the following reagents at indicated times before harvesting: IA-Alkyne (20mM, 8h, Tocris), Antimycin A (250nM, 16h,

Sigma-Aldrich), Carfilzomib (2mM, 8h, Selleck Chemical), Dimethyl 2-oxoglutarate (aKG) (10mM, 8h, Sigma-Aldrich), Bardoxolone

methyl (3mM, 8h, Sigma-Aldrich), Rotenone (250 or 500nM, 16h, Sigma-Aldrich), and Myxothiazol (100nM, 16h, Sigma-Aldrich).

24h post transfection, cells were trypsinized and centrifuged at 300 g for 5min. Cells were resuspended in full media with 10%

FBS and analyzed on either BDBioscience LSR Fortessa or LSR Fortessa X20 and FlowJo. For TMRMstaining, 150,000 C2C12myo-

blasts were seeded in 10 cm plates. The next day, cells were transfected with siRNAs and after 24h medium was exchanged. Cells

were trypsinized 36-40h post transfection and counted. 1,000,000 cells were aliquoted in 1ml of pre-warmed PBS and labeled. A

control sample was pretreated with 50 mM CCCP for 5min and all samples were labeled with 20nM TMRM from the MitoProbe

TMRM Assay Kit for Flow Cytometry (Thermo Fisher Scientific, M20036) for 30min at 37�C in 5% CO2. Cells were washed in

warm PBS and analyzed on BD Bioscience LSR Fortessa and FlowJo.

In vitro binding
pCS2+-HAFNIP1561-893 was synthesized using the rabbit reticulocyte lysate TnT quick coupled in vitro transcription/translation sys-

tem (Promega, L2080) as directed. Translated HAFNIP1561-893 reactions were diluted in binding buffer (40mM HEPES 7.5, 150mM

NaCl, 0.2%NP40, with or without 2mM TCEP and with or 2mM iodoacetamide) and added to amylose beads (New England Biolabs,

E8021L) with bound MBPFEM1B or MBP. Samples were rocked at room temperature for 1h and washed in binding buffer with or

without TCEP. Samples were eluted in urea sample buffer and analyzed by immunoblot with indicated antibodies.

Fluorescence polarization
TAMRA-labeled FNIP1 peptides (5,6-TAMRA-RNKSSLLFKESEETRTPNCNCKYCSHPVLG) and mutants were purchased from the

Koch Institute/MIT Biopolymers lab. Binding titrations were performed with 50nM TAMRAFNIP1 peptides and increasing protein con-

centrations in binding buffer (40mM HEPES 7.5, 150mM NaCl, 0.2% NP40, with or without 0.1mM TCEP) in triplicate. For iodoace-

tamide andN-Ethylmaleimide peptide labeling, 200mMpeptide was labeled with 600mMalkylating agent for 1h. Peptideswere diluted

into binding buffer with 0.1mM DTT to quench the alkylating agents before mixing with protein. Fluorescence polarization measure-

ments were performed on BioTek Synergy H4 plate reader after 1h of incubation at room temp. Data was analyzed with GraphPad

using the specific binding fit with Hill slope equation.

Protein purifications
Mouse MBP/HISFEM1B (pMAL, New England Biolabs) and the MBP/HISFEM1B/Elongin B/Elongin C17-112 complex (pRSFduet-1, Nova-

gen) were purified from E.coli LOBSTR cells grown to OD600 0.5 and induced with 333mM IPTG overnight at 16�C. Cells were lysed in

buffer A and added to 1/2 the lysate volume of buffer B (50mM HEPES 7.5, 300mM NaCl 1.5mM PMSF, 15mM b-mercaptoethanol,

and 30mM Imidazole). Cells were sonicated and spun at 30,000xg for 1h. Supernatant was added to Ni-NTA slurry and bound for 1h

at 4�C. Beads were washed in wash buffer (50mM HEPES 7.5, 150mM NaCl, 5mM b-mercaptoethanol, 20mM imidazole, and 1mM

PMSF) three times for 15min with rocking. Beads were eluted with 50mM HEPES 7.5, 150mM NaCl, 5mM b-mercaptoethanol,

250mM imidazole. Elutions were dialyzed overnight and ran on a HiLoad 16/600 Superdex 200pg, concentrated, aliquoted, and flash

frozen. MBP/HISFEM1B was purified without reducing agent for FP assays as above, but run on the size exclusion column in the

absence of reducing agents. For CUL2-RBX1 purification, HIS/TEVCUL2 and untagged RBX1 were expressed off the pFastBac

Dual vector (Thermo Fisher Scientific, 10712024). Baculovirus packaging and amplification were performed as described (Bac-to-

Bac Baculovirus Expression System, Thermo Fisher Scientific). For the purification, 3L of SF9 insect cells were infected and 72 hours

later harvested by centrifugation and flash frozen in liquid nitrogen. Cells were lysed in 50mM HEPES 7.5, 150mM NaCl 1mM PMSF,

5mM b-mercaptoethanol, 10mM Imidazole, and 0.5% NP40 with gentle rocking at 4�C for 1h. Lysates were centrifuged at 30,000xg

for 1h HISCUL2-RBX1 complexes were isolated and purified as described for MBP/HISFEM1B.

For the full CUL2, RBX1, ELONGIN B/C, FEM1B ligase complex (CUL2FEM1B), the above purifications were performed in parallel

until the dialysis step. Both imidazole elutions were mixed and diluted by a factor of 2 into 50mM HEPES 7.5, 150mM NaCl, 5mM

b-mercaptoethanol, and 20% glycerol to 10% final and rocked for 1 h at 4�C. After the incubation, TEV protease was added at
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1 mg:100 mg TEV to protein ratio to cleave MBP off FEM1B and the HIS tag off CUL2. Reactions were dialyzed in 50mM HEPES 7.5,

150mMNaCl, 1mMDTT, and 10% glycerol overnight. The sample was spun at 30,000 g for 30min and the supernatant loaded onto a

MonoQ 10/100 anion exchange starting at 90% Buffer A (40mM HEPES 7.5, 1mM DTT, 10% Glycerol) and 10% buffer B (40mM

HEPES 7.5, 1M NaCl, 1mM DTT, 10% Glycerol) increasing to 100% buffer B over 15 column volumes. Fractions corresponding

to cleaved FEM1B-CUL2 complex were concentrated and run on a HiLoad 16/600 Superdex 200pg in 40mM HEPES 7.5, 150mM

NaCl, 1mM DTT, 10% Glycerol and the complex fractions were concentrated, aliquoted, and flash frozen.
FLAGFNIP1/HAFLCN complexes were purified from 293Ts using affinity-purification, as described for immunoprecipitation mass

spectrometry for Flag-FNIP1 FLCN complexes. 3xFLAG peptide elutions were treated with 1mM TCEP for 30min on ice and spun

through Amicon Ultra 0.5ml centrifuge concentrator filter ultracel �30k NMWL (Sigma-Aldrich, UFC5030) to a final volume of 50-

100ml. Fresh buffer (40mM HEPES 7.5, 150mM NaCl, 1mM TCEP) was then added and this centrifuge and buffer exchange step

was repeated 3 times to remove detergent and 3xFlag peptide. After the last buffer exchange the Flag-FNIP1/HA-FLCN complexes

were aliquoted and flash frozen.

E1/UBA1, UBE2R1, UBE2D3, and MBP-FBXL17 were purified previously described (Jin et al., 2012; Mena et al., 2018; Wickliffe

et al., 2011). The GATOR1 complex was a generous gift from Roberto Zoncu (Lawrence et al., 2019). HALO-TUBES was purified

as described for recombinant FEM1B. The neddylation machinery (human UBA3 (E1, E-313), UBE2M (E2, E2-656), NEDD8(UL-

812)) and ubiquitin (U-100H) were purchased from Boston Biochem.

Seahorse analysis
C2C12 cells were seeded into XFe96 Cell CultureMicroplates (Agilent, 103729-100) at a density of 320 cells/well to 500 cells/well with

no coating. 6-7 wells per condition were transfected with siRNAs and 36h analyzed post-transfection by a Seahorse XF analyzer.

Seahorse XFGlycolytic rate andmitochondria stress testswere performed according to themanufacturers recommendation (Agilent,

103710-100 and 103015-100). For the mitochondria stress tests, 1.5mM oligomycin, 2mM FCCP, and 0.5mM Antimycin A/Rotenone

final concentrations were used. All media changes were done using an Agilent Velocity 11 Bravo Automated Liquid Handling Plat-

form. After the analysis, cells were fixed in 4% formaldehyde in PBS with Hoechst stain for 30 minutes, washed 3x in PBS, and

imaged on an Opera Phenix automated microscope using a 20x objective to capture the entire well. The nuclei count was determine

using the Perkin Elmer Harmony software and all data was normalized to the nuclei count of each well.

Immunofluorescence and confocal microscopy
C2C12 cells were seeded (10,000 cells/ml) on coverslips in 12 well plates. The next day cells were transfected with indicated siRNAs

15nMeach siRNA (30nMfinal). 24h post transfection, media was changed on all plates.�40h after transfection, cells were fixed in 4%

formaldehyde in 1X PBS for 20min at room temperature, permeabilized with 0.1% Triton X-100 in 1X PBS, blocked in 10% FBS in 1X

PBS, stained with 1� antibodies for 3h at room temperature, followed by staining with 2� antibodies and Hoechst stain. Samples were

mounted onto coverslips and imaged using an Olympus IX81 microscope equipped with a Yokogawa CSU-1X confocal scanner unit

(CSUX1 Borealis Square Upgrade Module), an Andor iXon3 camera (IXON DU-897-BV), and an Andor Technology Laser Combiner

System 500 series equipped with four laser lines. Images were analyzed using Metamorph Advanced (Molecular Devices) and Fiji

(Schindelin et al., 2012).

NAD/H NADP/H measurements
C2C12 cells were seeded into 6cm plates (100,000 cells) and transfected the day after with siRNAs. 36h after transfection, the media

was changed on all plates. NAD+/H andNADP+/Hweremeasured from the same cells usingNAD/NADH-Glo andNADP/NADPH-Glo

Assays (Promega, G9071 and G9081). Tomeasure both reduced and oxidized forms cells were washed one time with PBS and lysed

in 1:1 PBS and 0.2N NaOH 1% dodecyltrimethylammonium bromide. Lysates were split into three tubes: one for protein normaliza-

tion, one as a base treated (left unmodified, NADH/PH detection) and the last as acid treated (0.4 N HCl acid added, NAD/P detec-

tion). The base and acid treated samples were heated to 60�C for 15min, cooled and neutralized. Samples were then split and pro-

cessed for NAD and NADP quantifications on a Perkin-Elmer Envision Multilabel Plate Reader. Data was normalized using protein

concentration of lysates.

H2O2 measurements
C2C12 cells (20k cell/well) were seeded into 12 well plates. Cells were transfected the next day with indicated siRNAs (30nM final).

24h after transfection, the media was changed on all wells. 36h after transfection, H2O2 was measured using the ROS-Glo H2O2

Assay (Promega, G8820) according the manufactures protocol in growth media using Perkin-Elmer Envision Multilabel Plate Reader

to measure luminescence. After the media was removed for the assay, cells were lysed in their wells with (40mMHEPES 7.2, 150mM

NaCl, 0.2%NP40) on ice. Lysates were clearedwith 21000 g spin at 4�C for 10min and the supernatants’ A280 wasmeasured to deter-

mine protein concentrations for normalization. For 293T experiments, 140k cell/well were seeded into 12 well plates. The next day,

cells were treatedwith DMSO, 250nMAntimycin A or 250nMMyxothiazol (Sigma-Aldrich, A8674 and T5580). 16 hours later H2O2was

measured as described above.
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13C labeling
C2C12myoblast were seeded into either 10 or 6 cmplates at 250k cell/plate or 100k cell/plate respectively 5 plates per condition. The

next day, cells were transfected with siRNAs (30nM final, single depletions had siCNTRL added to 30nM final). 24h after transfection,

media was changed on all plates. 36h post transfection, cells were rinsed once in 3ml –glucose media (DMEM –glucose, 4mM gluta-

mine, 10% dialyzed fetal bovine serum) and cells incubated in 4ml –glucose media supplemented with 5mM 13C glucose (Sigma-Al-

drich, 389374) for 4h to reach steady state labeling. After incubation, cells were washed in ice cold 0.1M ammonium bicarbonate and

500 mL of extraction buffer (methanol: acetonitrile: water = 40:40:20 with 0.1 M formic acid) containing 1 mM of isotopic AMP (Sigma-

Aldrich, 900382) and Fructose-1,6-bisphosphate (Cambridge Isotope Laboratories, Inc., CLM-6678-0) as standards, respectively

was added to each plate. Plates were gently shaken for 10sec, scraped, and transferred to tubes on ice for 15min. Samples were

centrifuged at 21000 g for 10min at 4�C. 180ml of supernatant was added to 20 mL of 1M ammonium bicarbonate, mixed, and flash

frozen in liquid nitrogen.

LC/MS-based analyses of glycolytic and TCA intermediates were performed on liquid chromatography system (LC; 1200 series,

Agilent Technologies) connected in line with an LTQ-Orbitrap-XL mass spectrometer equipped with an electrospray ionization (ESI)

source (Thermo Fisher Scientific) at the UC Berkeley QB3/Chemistry Mass Spectrometry Facility. 20ml of each metabolite sample

was injected onto a ZIC-pHILIC 2.1 X 150mm (5 mmparticle size) column (EMDMillipore). Buffer Awas 20mMammonium carbonate,

0.1% ammonium hydroxide; buffer B was acetonitrile (Optima LC-MS grade, Fisher Chemical). The chromatographic gradient was

run at a flow rate of 0.2ml/min as follows: 0-20min: linear gradient from 80% to 20%B; 20-20.5min: linear gradient from 20% to 80%

B; 20.5-35 min: hold at 80% B. The mass spectrometer was operated in the negative ion mode and column temperature was 25�C.
Mass spectra were recorded over the range of 70-1000 mass-to-charge ratio (m/z). Metabolite identification and quantification were

performed using Xcalibur software (version 2.0.7, Thermo Fisher Scientific).

TUBE binding
For endogenous detection of FNIP1 ubiquitylation, 1 15 cm plate of 293T cells was treated overnight (�16h) with either DMSO,

350nM, or 500nM of Bardoxolone methyl (Sigma-Aldrich, SMB00376), and 500nM MLN4924 (Cayman Chemical, 15217) as indi-

cated. All samples were also treated with 2 mMCarfilzomib (Selleck Chemical, PR-171) for 4h prior to harvesting. Cells were scraped

in cold PBS, spun down, and frozen in liquid nitrogen. Cell pellets were lysed, cleared, and normalized as described small-scale

immunoprecipitation but with 500 mL modified lysis buffer (40mM HEPES 7.2, 150mM NaCl, 10mM N-Ethylmaleimide, 0.1mM

TCEP, 1% Triton and with or without 3 mM HALO-TUBES). Normalized lysates were added to HALO-link resin (Promega, G1914)

and rocked for 1-2 hours at 4�C. Beads were washed 4x in Lysis buffer without NEM and eluted with 2x urea sample buffer.

pET28a-6HIS_TEV-HALO-4x ubiquilin UBA TUBE (DU23799) was obtained through the MRC PPU Reagents and Services facility

(MRC PPU, College of Life Sciences, University of Dundee, Scotland; mrcppureagents.dundee.ac.uk).

Glucose uptake assay
C2C12 cells were seeded into 96 well white cell culture microplate plate at 320 cell/well and transfected with indicated siRNAs the

next day (8 wells per condition). Additional 50 mL of media was added to each well the night before the assay and �40h after siRNA

transfection 4 wells per condition were analyzed using the Glucose Uptake-Glo Assay (Promega, J1341) following manufacturer’s

recommendation with a 10min 2-deoxyglucose incubation. 4 control wells were not incubated with 2DG as a background control.

The remaining 4 wells were fixed in 4% formaldehyde in PBS with Hoechst 33342 (AnaSpec, 83218) for 30min, washed 3x in

PBS, and imaged on an Opera Phenix automated microscope using a 20x objective to capture the entire well. The nuclei count

was determine using the Perkin Elmer Harmony software and was used to normalize the data to the average number of cells/well

for each treatment.

Mitosox staining
C2C12 were siRNA transfected and differentiated as described for myotube analysis. At Day 3 of differentiation the media was

removed and 5 mM MitoSox (Invitrogen, M36008) in Hank’s balanced salt solution (HBSS) was added for 10 min at 37�C with 5%

CO2. Cells were washed 3 times with HBSS and imaged using an Opera Phenix automated microscope at 37�C with 5% CO2.

Antibodies
The following antibodies were used in this study: anti-Flag (Clone M2, Sigma-Aldrich, F1804), anti-CUL2 (Bethyl, A302-476A), anti-

FNIP1 (Abcam, ab134969), anti-FNIP1 (Abcam, 215725), anti-GFP (Abcam, ab6556), anti-FEM1B (Proteintech, 19544-1-AP), anti-

MYOSIN, SARCOMERE (MHC) (Developmental Studies Hybridoma Bank, M20), anti-MYOGENIN (Developmental Studies Hybrid-

oma Bank, F5D) anti-beta-ACTIN (MP Biomedicals, clone C4, 691001), a-TOMM20 (Sigma-Aldrich, HPA011562), anti-HA-Tag

(C29F4, Cell Signaling Technology (CST), 3724), anti-Flag DYKDDDDK Tag (CST, 2368), anti-FLCN (D14G9, CST, 3697), anti-

KEAP1 (D6B12, CST, 8047), anti-NRF2 (D1Z9C, CST, 12721), anti-CITRATE SYNTHASE (D7V8B, CST, 14309), anti-GAPDH

(D16H11, CST, 5174), anti-Phospho-AMPKa (Thr172) (40H9, CST, 2535), anti-AMPKa (D5A2, CST, 5831), anti-Phospho-p70 S6 KI-

NASE (Thr389) (108D2, CST, 9234), anti-p70 S6KINASE (49D7, CST, 2708), anti-Phospho-Acetyl-CoACARBOXYLASE (Ser79) (CST,

3661), and anti-Acetyl-CoA CARBOXYLASE (C83B10, CST, 3676).
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Cloning
Fem1b, Nprl2, Fnip1, Fnip2, Flcn, Rbx1, Elongin B, Elongin C, Cul2, constructs were cloned from cDNA prepared from C2C12s.

DEPDC5, NPRL3, and TRX were generated from 293T cDNA. We cloned FNIP1 as two isoforms, full length and a truncation missing

208-235. Both isoforms interact with and are degraded by Fem1b, but the short form of FNIP1 expresses considerably better and

retains binding to currently known FNIP1 interactors. All FNIP1 experiments presented in this study use the short isoform and the

residue positions indicated are reference to this isoform. All FEM1B and FNIP1 mutants were generated by overlap extension poly-

merase chain reaction, or site directed mutagenesis using quick change method. The pCS2+-GFP-degron-IRES-mCherry reporter

was generated using Gibson assembly of all of the individual components (GFP, IRES, mCherry, and pCS2) (Gibson et al., 2009). A

4xGly-Ser linker was added between GFP and two Esp3I sites (NEB, R0734S) which allow for the easy insertion of DNA fragments.

The FNIP1 degron was inserted into the reporter construct by annealing and phosphorylating two oligos corresponding to degron

sequences with the forward oligo containing an extra CAGC at the 50 end and the reverse oligo with 50- ATCA, each complementary

to overhangs generated by the Esp3I digest.

shRNA production and viral production
All lentiviral constructs were cloned and transformed into Stbl3 E. Coli (Thermo Fisher Scientific, C737303). Lentiviral shFEM1B pLKO.1

constructs were purchased from Sigma-Aldrich (shFEM1B#1: TRCN0000303677125, shFEM1B#2: TRCN0000299671125, shFEM1B#3:

TRCN0000303647125, shFEM1B#4: TRCN0000303746125, shTXNRD1: TRCN0000046535, shGSR: TRCN0000046425). pLenti-PGK-

Hygro-Flag-CUL2 and shRNA containing Lentiviruses were generated in 293T cells by co-transfection with lentiviral constructs with

packaging plasmids (pMD2.5G Addgene, 12259; psPAX2 Addgene, 12260) using PEI. Viral supernatants were collected and filtered

through a 0.45mm filter and concentrated with LentiX concentrator following the manufactures protocol (Takara 631232). Precipitated

virus was resuspended in media, aliquoted, and frozen.

Quantitative real time PCR analysis
Total RNA from C2C12 cells myoblasts grown in 6cm dishes and was purified using nucleospin RNA kit (Macherey-Nagel, 740955).

cDNA was generated (Thermo Fisher Scientific, F470) and qRT-PCRs were performed on a StepOnePlus Real-Time PCR System

(Applied Biosystems) using 2X KAPA SYBR FAST qPCR Master Mix (Roche, KK4602). All qPCR primers were ordered from IDT

and sequences can be found in Table S3.

Immunoprecipitation and mass spectrometry
Large scale immunoprecipitations were performed after harvesting cells in cold PBS (20 15cmplates of transfected C2C12 cells or 10

15cm plates of 293T cells) and centrifuging them at 300 g for 10min, and flash freezing them in liquid nitrogen. Cell pellets were re-

suspended in 5x the volume of pellet weight (ml/g) of lysis buffer (40mMHEPES 7.5, 150mMNaCl, 0.2%NP40, with Roche cOmplete

Protease Inhibitor Cocktail, the FLAGFNIP1 IP lysis buffer also contained 10mM b-glycerol phosphate, 10mM sodium pyrophosphate,

2.5mM MgCl2). CUL3 and FlagCUL2 IP lysis buffer contained 2mM 1,10-Phenanthroline (Sigma-Aldrich, P1,280-4). Lysates were

gently rocked for 1h at 4�C and cleared by centrifugation at 500 g, 5min and 21000 g, 30min. Supernatants were added to 90 mL

of ANTI-FLAG� M2 Affinity Agarose Gel slurry (Sigma-Aldrich, A2220) and rotated for 1-2h at 4�C. Beads were washed extensively

in lysis buffer and eluted 2x with 250 mL of 3xFlag peptide (F4799, Millipore). Elutions were pooled and precipitated overnight on ice

with 20% trichloroacetic acid. The precipitated pellets were washed in acetone, dried, and solubilized in 8M urea, 100mM TRIS, pH

8.5. The samples were reduced with TCEP, alkylated with iodoacetamide, and digested overnight with trypsin (V5111, Promega).

Trypsinized samples were analyzed by Multidimensional Protein Identification Technology (MudPIT) at the Vincent J. Coates Prote-

omics/Mass Spectrometry Laboratory at UC Berkeley. Specific proteins were identified by comparing each IP to a dataset of 40-150

similar (databases for C2C12 and 293T cells) aFLAG IP/mass spectrometry samples using CompPASS analysis (Huttlin et al., 2015).

All total spectral counts were normalized to TSC of bait (4000 for all experiments except for CUL3 and CUL2 C2C12 analysis).

Genome editing
FEM1B knockout HEK293T cell lines were generated using the ribonucleoprotein (RNP) method (DeWitt et al., 2017) using guides

targeting the 50 UTR and intronic regions adjacent to exon1 of FEM1B (50-ATTAACGAGTCCGCGCGCGT-30, 50-AAGAC

GAGCTTTCGCAGACA-30). Guide RNAs were synthesized with NEB HiScribe T7 High Yield RNA Synthesis Kit (E2040S), DNase

treated with turboDNase (Thermo Fisher Scientific, AM2238), and purified with a MEGAclear clean-up kit (Thermo Fisher Scientific,

AM1908). RNPs were assembled with Cas9 purified by the UC Berkeley QB3 MacroLab in a 10 mL reaction of 100 pmol of Cas9 and

120 pmol sgRNA in Cas9 buffer (20 mM HEPES 7.5, 150 mM KCl, 10% glycerol, 1 mM TCEP). Reactions were gently mixed for 30 s

and incubated for 20min at room temperature. RNP complexes and 200k 293T cells resuspended in buffer SF (Lonza) were added to

a nucleofection strip and the mixture pulsed with program DS150 Lonza 4D-Nucleofector. Cells were plated into 6 well dishes.

Endogenous 3xFLAGFEM1B 293T cell lines were generated using a guide targeting near the start codon of FEM1B (50-
GGCGGCGGCCATGGAGGGCC-30) that was cloned into pX330 and cotransfectd with a 200bp repair template containing a 3xFLAG

tag (50-TCCGGGGGCGCACGGCAGCTGCAGCGGTGGCGACCAAACGGGTGTTGGAGTTGGCGGCGGCCATGGACTACAAAGAC

CATGACGGTGATTATAAAGATCATGACATCGATTACAAGGATGACGATGACAAGGAGGGCCTGGCTGGCTATGTATACAAGGCGG

CCAGCGAGGGCAAGGTGCTGACTCTGGCCGCCTTGCTT-30) using Lipofectamine 2000 (Thermo Fisher Scientific, 11668019).
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After confirmation of bulk editing by PCR for both knockouts and knock-ins, cells were diluted to 5cells/ml and 100 mL of cell sus-

pension was plated per well plated into 96 well plates containing 200 mL total media, 20% FBS DMEM + Pen/Strep. Colonies

were expanded and screened for homozygous knockout or 3xFLAG tagging by PCR and western blot and confirmed by DNA

sequencing.

NGS Library Prep and RNA-seq
Total RNA was extracted from sub-confluent C2C12s treated with siFEM1B, siKEAP1, siFEM1B-siKEAP1, or siCNTRL siRNAs (in

triplicate) using a NucleoSpin RNA mini kit (Macherey-Nagel, 740955.250). NGS libraries were made using a TruSeq Stranded Total

RNA kit (Illumina), with an average size of 250 bp. Libraries were prepared by the UC Berkeley Functional Genomics Laboratory.

Paired-end RNA-sequencing was done using a HiSeq400 (Illumina). Sequencing of the libraries was done two times to obtain tech-

nical replicates.

RNA-seq Alignment, Expression Analysis and Transcription Factor Enrichment
We used the Kallisto-Sleuth pipeline to perform differential gene expression analysis between samples (Pimentel et al., 2017). Briefly,

paired-end RNA-seq reads were aligned using Kallisto, using the mm10 Mus musculus reference transcriptome and 200 bootstrap

steps. For differential expression analysis, the R Sleuth package was used. To obtain log2 fold changes, we had to implement the

following transformation function during the initial sleuth object (so) preparation step:

so< � sleuth prep
ðs2c;� condition=bio samp; extra bootstrap summary =TRUE; target mapping

= t2g; transformation function= functionðxÞlog2ðx + 0:5ÞÞ
To identify significant differentially expressed genes, the followin
g conditions were compared: siCNTRL v siFem1b; siCNTRL v si-

Keap1; siFem1b v siKeap1. From each comparison, significant differentially expressed genes with a qval % 0.075 were kept. This

generated four different gene lists, which were then merged together. This gene list was used to generate heatmaps for data visu-

alization. Heatmaps of significant differentially expressed genes were generated using the R ‘‘heatmap.2’’ package, normalized by

row, and using unsupervised clustering applying the ‘‘ward.D2’’ option. Transcription factor enrichment for significant differentially

expressed genes was done using the ChEA3 and oPOSSUM algorithms (Keenan et al., 2019; Kwon et al., 2012).

Transmission electron microscopy
siCNTRL, siFEM1B, siFNIP1, and siFNIP1-siFEM1B treated C2C12 cells were grown to 50% confluence and fixed in 2% guleteral-

dehyde: 0.1 M sodium cacodylate (pH 7.2) for 20 min, followed by 3 washes with 0.1 M sodium cacodylate buffer. Cells were then

gently harvested and collected in 1.5 mL Eppendorf tubes, followed by imbedding in agarose plugs. After solidifying, agar plugs con-

taining the specimens were carefully cut into �2.5 mm3 slices. Slices were stained in 1% osmium tetroxide in 0.1 M sodium caco-

dylate for 1 hr, followed by 1.38% potassium ferricyanide for 1 hr. Stained samples were step-dehydrated in acetone (35%, 50%,

70%, 80%, 95%, 100%, 100%) for 10 min at each step. Dehydrated samples were then step-infiltrated with acetone:Epon resin

(2:1, 1:1, 1:2 for 1 hr each). After final acetone:resin infiltration, samples were embedded in pure Epon resin at room temperature,

overnight, followed by curing at 65�C for two days. Cured samples were then sliced using a Leica UC 6 microtome, taking 70 nm

sections. Sliced sections were picked up on 100 mesh formvar-coated copper grids, then stained with 2% aqueous uranyl acetate

for 5 min, followed by 2% lead citrate for 2 min. Grids were examined under a Tecnai 12 TEM at 120 kV.

QUANTIFICATION AND STATISTICAL ANALYSIS

All quantifications are presented as the means ± standard deviation. Significance was determined by 2 tailed t test, *p < 0.05; **p <

0.01; ***p < 0.001. All quantitative myotube analysis figures represent at least 3 independent biological replicates (Figure 1A is 2

biological replicate screen done in duplicate and Figure S2J are the quantification of 2 technical replicates). Seahorse and glucose

uptake quantification in Figures 7A, 7B, and 7E is presented as themean of 4-6wells per condition. ECARmeasurements were calcu-

lated from 4 biological replicates consisting of 5-6 well each. All luciferase assays were measured from 5 biological replicates unless

otherwise indicated (Figure 1E comprises 2 biological replicates Figure S5D is from 1). All metabolomics experiments are quantified

from 5 technical replicates. For the NRF2 nuclear localization ratio a mask was created in Fiji for the nuclei channel (Hoechst) and for

the cytoplasm 1 mm around the nuclei mask, the NRF2 signal from these masks was measured (n = 15-20). For the mitochondrial

distance measurement, a line was drawn from the edge of nuclei to the farthest point of the mitochondrial staining (n = 10-15,

**p = 9.05E-11 and ***p = 1.57E-12).
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Supplemental Figures

Figure S1. CRL2 and CRL3 E3 Ligases Are Required for Myoblast Differentiation, Related to Figure 1

A. CUL2 and CUL3 are required for myotube differentiation. C2C12 myoblasts were depleted of CUL1, CUL2, CUL3, CUL4a, CUL4a, CUL5, and CUL7,

differentiation was induced, and formation of myotubes was followed by automated microscopy against MyHC. Quantification is shown on the right with

(legend continued on next page)
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mean ± SEM B. CRL adaptors affect myotube formation independently of effects on cell division or survival. C2C12 myoblasts were depleted of the indicated

CRL2- or CRL3-adaptors and subjected to differentiation. Nuclei were stained by Hoechst and counted by automated image analysis. C. NAD+/NADH ratio,

NADP+/NADPH ratio, and total NADP/NADPH levels from C2C12 myoblasts depleted of KEAP1, FEM1B, or both. Quantification of five biological replicates with

mean ± SEM D. C2C12 cells were depleted of GCLC, GSR, NRF2 (using two siRNA sequences). Myotube formation was quantified after immunofluorescence

microscopy against MyHC, using at least 4 biological replicates with mean ± SEM.
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(legend on next page)
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Figure S2. FNIP1 Is a Specific Substrate of CUL2FEM1B, Related to Figure 3

A. qRT-PCR of select pentose phosphate pathway NRF2 target genes in C2C12myoblasts depleted of KEAP1, FEM1B, or both with mean ± SEMB. qRT-PCR of

putative NRF2 glycolysis target genes in C2C12 myoblasts depleted of KEAP1, FEM1B, or both with mean ± SEM C. NFE2L2 (NRF2) expression measured by

qRT-PCR and RNaseq from myoblasts depleted of KEAP1, FEM1B, or both with mean ± SEM D. FEM1BL597A does not bind CUL2. FLAGFEM1B or FLAG-

FEM1BL597A were affinity-purified from 293T cells and bound CUL2 was detected by western blotting. E. FEM1BL597A shows enhanced binding to FNIP1, FLCN,

and GATOR1 subunits. FLAGFEM1B or FLAGFEM1BL597A were affinity-purified from 293T cells that also expressed HAFNIP1, HAFLCN, or HA-tagged GATOR1

subunits. Binding of HA-tagged proteins to FEM1B was detected after aFLAG affinity-purification by gel electrophoresis and western blotting using aHA anti-

bodies. F. CUL2 activity is required for FEM1B-dependent degradation of FNIP1. Cells were transfected with FLAGFEM1B, HAFNIP1, HAFLCN, and dominant-

negative HAdnCUL2 (1-427), as indicated, and FNIP1 abundance was determined by western blotting. G. FEM1B does not induce the degradation of FNIP2, a

close homolog of FNIP1. Cells were transfected with HAFNIP2 and the indicated FEM1B constructs, and FNIP2 levels were determined by gel electrophoresis and

western blotting using aHA antibodies. H. CUL2FEM1B does not ubiquitylate GATOR1. DEPDC5, FLAGNPRL2 and FLAGNPRL3 were purified from insect cells,

incubated with recombinant CUL2 or CUL2FEM1B, ATP, E1, UBE2D3 andUBE2R1 as E2s, and ubiquitin, and analyzed for ubiquitylation by gel electrophoresis and

western blotting. I. C2C12 cells were depleted of FEM1B, FNIP1, or both, and differentiation was induced as described. The differentiation efficiency was

monitored by western blotting against MYOG andMyHC. J. Co-depletion of NPRL2, NPRL3, or DEPDC5 does not rescue the increasedmyogenesis seen in cells

lacking FEM1B. C2C12 myoblasts were transfected with the indicated siRNAs, induced to differentiate, and analyzed by microscopy against MyHC.
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Figure S3. FNIP1 Contains a Conserved Degron for Recognition by CUL2FEM1B, Related to Figure 4

A. The FNIP1 degron is sufficient to mediate binding to FEM1B. 293T cells were co-transfected with FLAGFEM1B or FLAGFEM1BL597A and GFP or GFPdegron (GFP-

FNIP1562-591), as indicated. FLAGFEM1B variants were affinity-purified, and boundGFPwas detected by western blotting. B. Degron binding to FEM1B is specific.
FLAGFEM1B or the ankyrin mutant FLAGFEM1BC186S were co-transfected with GFPdegron. FLAGFEM1B variants were affinity-purified, and bound GFPwas detected

by western blotting. C. Depletion of FEM1B by four independent shRNAs stabilizes the GFP-degron fusion, as observed after co-expression of GFPdegron and

(legend continued on next page)
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mCherry and analysis by flow cytometry. D. Proteasome inhibition with carfilzomib stabilizes the GFPdegron reporter, as determined by flow cytometry. E. The Cys

residues of the FNIP1 degron are invariant among FNIP1 homologs. F. The FNIP1 degron is not conserved in FNIP2, a protein otherwise highly similar to FNIP1.

FNIP2 is not recognized by CUL2FEM1B.
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Figure S4. Cysteine Residues Are Essential for FNIP1 Degron Function, Related to Figure 5

A. Cys residues are essential for FNIP1 degron function, as seen by western blotting. HA-tagged FNIP1 variants were co-expressed with FLCN and FLAG-tagged

FEM1B or FEM1BL597A. FEM1B variants were immunoprecipitated and co-purifying FNIP1 was detected by gel electrophoresis and aHA-Western. B. Modifi-

cation of degron Cys residues prevents binding to FEM1B. A TAMRA-labeled FNIP1 degron peptide was incubated with buffer (green) or iodoacetamide (blue).

Binding to recombinant FEM1B was monitored by fluorescence polarization with mean ± SEM C. Reversible oxidation controls degron recognition by FEM1B. A

rabbit reticulocyte lysate generated HA-tagged FNIP1 fragment containing the degron was incubated with recombinant MBPFEM1B. Reducing agent (TCEP) or a

Cys-reactive modifier (iodoacetamide) were added as indicated. MBPFEM1Bwas purified onmaltose agarose and bound FNIP1 or rabbit CUL2 were detected by

western blotting.
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Figure S5. FEM1B Recognizes an Unmodified FNIP1 Degron, Related to Figure 6

A. The FNIP1 degron peptide rapidly forms disulfide bonds in solution. TAMRAFNIP1 degron peptide was diluted into buffer containing no reducing agent and

aliquots were taken at indicated time points and added to sample buffer with or without reducing agent. Samples were analyzed by gel electrophoresis and

fluorescence detection. B. The FNIP1 degron is oxidized in cells in the context of full-length FNIP1. TRXC35S/FLAG was affinity-purified from cells treated with

antimycin A, and co-eluting endogenous FNIP1 and FLCN were detected by western blotting. C. Stabilization of the FNIP1 degron reporter by antimycin A is

dependent on the activity of the electron transfer chain. Cells were either treated with antimycin A, rotenone (which inhibits electron delivery to complex III), or

both, and the stability of GFPdegron wasmonitored by flow cytometry. D. Antimycin A andmyxothiazol increase ROSproduction, asmeasured by a H2O2 detecting

luciferase assay showing mean ± SEM E. Myxothiazol stabilizes the FNIP1 degron reporter. Cells were either treated with myxothiazol, rotenone, or both, and the

stability of GFPdegron wasmonitored by flow cytometry. F. Depletion of thioredoxin reductase and glutathione reductase stabilize the FNIP1 degron reporter. 293T

Cells were depleted of GSR, TXRND1, or both and the stability of the degron reporter was determined by flow cytometry. G. Reductive stress-dependent

degradation of the FNIP1 degron reporter requires the degron Cys residues. GFP fused to the wild-type degron (WT) or a degron with all three Cys residues

mutated to Ser (CS) was co-expressed with FEM1B, and cells were depleted of glutamine to induce reductive stress, as indicated. The GFP/mCherry ratio was

measured as an indication for GFP stability by flow cytometry.
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Figure S6. FEM1B and FNIP1 Control Metabolism, Related to Figure 7

A. C2C12 myoblasts were depleted of FEM1B, FNIP1, or both. Cells were starved, before amino acids were added to rapidly turn on mTORC1. mTORC1 activity

was monitored by measuring levels of phosphorylated S6 kinase using western blotting. B. C2C12 myoblasts were depleted of FEM1B, FNIP1, or combinations

thereof, and AMPK signaling was monitored by measuring phosphorylated ACC and AMPK using western blotting. C. FLAGFNIP1 or a FLAGFNIP13CS degron

variant were expressed with HAFLCN in 293T cells, and binding partners were determined by affinity-purification andmass spectrometry. D.Mitochondrial protein

abundance is not altered when FEM1B is depleted. C2C12 myoblasts were transfected with indicated siRNAs and analyzed by western blot for TOMM20 (outer

mitochondrial membrane protein) and CS (citrate synthase, matrix).
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Figure S7. FNIP1 and FEM1B Control the Abundance of Mitochondrial Metabolites and Shuttles, Related to Figure 7

A. C2C12 myoblasts were depleted of FEM1B, FNIP1, or both and the glycolytic rate was determined using a Seahorse Analyzer, showing mean ± SEM B. The

oxygen consumption rate (OCR) was measured for C2C12 cells transfected with indicated siRNAs using the mito stress test on a Seahorse Analyzer, showing

mean ± SEM C. Depletion of FEM1B reduces the extracellular acidification rate, which is partially rescued by co-depletion of FNIP1, showing mean ± SEM D.

C2C12 cells were transfected with siRNAs targeting FNIP1, FEM1B, or both. Polar metabolites were extracted and analyzed by liquid chromatography andmass

spectrometry. E. FEM1B depletion inhibits glucose uptake. Standard deviation of four technical replicates normalized to cell number. F. Quantification of

glycolytic and TCA cycle metabolites either in untreated control C2C12 myoblasts or C2C12 myoblasts starved for glutamine for 8h. G. C2C12 myoblasts were

depleted with indicated siRNAs and labeled with 13C glucose for 4 h. % 13C labeled metabolites were determined by mass spectrometry. H. NRF2 targets in the

pentose phosphate pathway, NADPH regeneration and serine biosynthesis do not rescue the KEAP1 depletion phenotype. C2C12 myoblasts were depleted of

indicated genes with or without KEAP1 co-depletion and induced to differentiated for 4 days. Myotube formation was monitored by microscopy against MyHC

and quantified by automated microscopy. Quantification is of 3 biological replicates, showing mean ± SEM.
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